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1. Introduction 


According to the present specification of the Armed 
Medical Procurement Agency, clinical 
dextran is prepared from the polysaccharide formed 
from sucrose by strain 
B512. The polysaccharide is partially hydrolyzed 
and the material having a weight-average molecular 
weight of 75,000 25.000 1s separated by fractional 
precipitation with aqueous methanol, ethanol, 
acetone. Ordinarily clinical dextran is dispensed in 
a 6-percent solution, containing 0.9 g of sodium 
chloride per 100 ml. To insure a safe and effective 
blood-plasma extender, reliable and accurate methods 
of analysis must be used for control of the manu- 
facturing process and for evaluation of the finished 
product [1]. The present investigation is confined 
to the consideration of clinical material having the 
above characteristics, except where otherwise stated 

It has been established by prior workers [2] that 

xtrans produced by various strains of Leuconostoc 
mesenteroides differ widely. The results reported 
here are based on samples of clinical dextran supplied 
us by manufacturers and the Armed Services Medical 
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Procurement Agency during the past 2 
Samples acquired in 1953 are listed separately to 
provide data on the product then tm production 
Although the commercial products are now fairly 
uniform, the development work still in progress may 
lead to products having properties slightly different 
from those now considered typical of the commercial 
product. The factors investigated and the results 
obtained are given in the following sections 


years, 


2. Preparation of the Samples for Analysis 


The samples of clinical dextran received in 
powdered form were dissolved in water, filtered, and 
lyophilized (freeze-dried). Dextran received in 
clinical solution was separated for study in the fol- 
lowing manner: The 6-percent solution containing 
sodium chloride was forced in a fine stream into 7 
volumes of methanol, which was constantly stirred 
The transfer of the dextran solution was effected by 
air pressure, using a wash-bottle type of apparatus 
The precipitated dextran was separated by filtration 
and was washed with methanol. The material was 
then dissolved in water, and the methanol precipita- 
lion was repeated, The product was again dissolved 
in water and lyophilized. For analytical measure- 
ments the samples were placed in tared flasks and 
dried to constant weight under vacuum (less than 
0.1 mm Hg). After the dry weight was obtained a 
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water was added from a pipet 
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each solution was determined 


3. Optical Rotation 


3.1. Apparatus 


Bate s 


used 


wedge saccharimeters Iv pe 
the 


Two quartz 


{} with adjustable sensitivity were in 


measurements of optical rotation for whit 
The lieht 100-watt, coneentrated 
filament electric lamp with a filter 15 mm_ thick 
containing 6-percent potassium dichromate solution 
tempera 
circulation of 


souree Was 


constant 
By 


polar ime ope tubes 


The instruments were located in 
ture 20 ’” <3 
wate through the jackets of the 
the temperature of the solutions under observation 
was maintained at 20 0.02° © 
The for hoht 
100-mm polarimeter illuminated by 
American manufacture The light 
through the dichromate filter. The 
acteristics of this light source have been reported |4] 
This polarimeter was adjacent to one of the sac 


rooms held at 


rotations sodium were made on a 
a sodium are of 
filtered 


spectral chat 


wits 


charimeters and arranged so that observations could 
be made on both instruments with a minimum of 
handling and without interrupting the flow of water 
through the jacket of the tubs 

Measurements with mereury light, A=5461 <A 
made with a large Sehmidt & Haensch pre 
erion polarimeter located in a constant temperature 
cabinet maintained at 20 1° C. This polarimeter 
fitted with an air bath, 60 by 40 by 55 em 
placed between the polarizing and analyzing systems 
and mounted on separate supports to eliminate the 
possibility of disturbing the adjustments of the 
wlarimeter by the opening and closing ol the door 
The trough of the instrument passed through the 
end walls of the air thermostat without touching 
them. The temperature of the air bath was thermo 
statically controlled at 20 0.05° C. Speetrally 
purified light having a wavelength of \— 5461 A was 
obtained from a mercury-vapor lamp 


were 
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3.2. Polarization 


on a 
weight in 
water-jacketed 200-mm tubes. The rotation of each 
solution was measured by one observer on one of the 


The lor polarization prepared 


basis is desernibed above. were placed 


solutions 


saccharimeters and by another observer on a second 
saccharimeter. Upon completion of the sacchari- 
metric observations, the tube was transferred to the 
polarimeter illuminated by a and the 
rotation for sodium light was measured, The tube 
was then transferred to the precision polarimeter and 
the optical rotation was measured with the mercury 
green line (A=5461 A During of 
measurements, standard quartz control plates of 
known rotation were read on the different instru 
ments to determine the accuracy of the observed 
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illuminated with white light the 
filter to the equivalent in crreular degrees for sod 
light of wavelength, A—58983 A. This 
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Mh SN ples listed in table 38 were supplies 
Development Division, Armed 
Medical Procurement Avene, They are « 


tyvpreal of current domestic clinteal dextran 


I: nerineecrin 


The number-avers molecular welt 1 ryaeens 
ol the sample inieal dextran listed in table 2 
were determined br evel il method anal are reported 
Inan earlier publication [6 Values for the sample 
of table 3 were measured by the Somogvi pho potaant 
method, usin entiobiose as a 


ven mm tabl } 


tandard and are 


3.4. Effect of Concentration on the Specific Rotation 
of Aqueous Dextran 


To determiunme the effect of concentration. on thie 
specie rotation ol dextran, a quantity of lvophilized 
dextran was transferred to a carefullv” calibrated 
100-ml  volumetri flask The material ou the 
flask was dried m the usual manner and its exaet 
weight obtamed The material was then dissolved 
in Water and made to volume at 20° C' and weiwhed 
This solution, containme 10.507 percent by weigh 
of dextran, was then measured on the saccharimeter 
with white light and on the polarimeters with sodium 
light and mereury green leht Weighed portion 
of thi transferred to volumetrn 
flasks, and solutions containing about S&S. 4. and 


solution were 
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Panis , (plica otatior ofa smple of deatran at different concentrations at 90° ¢ 
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percent were prepared The results given in table | samples, comparing the specific rotation in 
| 5 show that there is no significant change in specific solution with that obtained in the presence of sal 
| rotation with a change um concentration from 10 to The differences (see table 7) are of the order of th 
; £ 100 mi average deviation in the values obtained for mea 
t) ments either in Water or in salt solution 
| 3.5. Effect of Temperature on the Specific Rotation 
of Dextran Panue 7. Effect of = m chtoride on the specifi 
To provide information as to the variation of the 
specific rotation of dextran with temperature, the ‘ 
measurements given in table 6 were conducted In . 
each measurement the temperature of the solution ripe es sede ' ss 
was controlled by circulating water from a thermo 
stat; the temperature of the instrument was main . ae ie 
tained at or near that of the solution by adjustment 
of the temperature of the room to the desired point . , ' ' 
In the calculations of specific rotation a correction , 7” ‘ 


was made for the change in volume of the solution 
due to expansion or contraction. The thermal ex 


pansion coefficient (0.00022/° ©) of a 6-percent | 37. Effect of Methanol on the Optical Rotation of 


dextran solution was determined in a@ separate ex Dextran in Water 
periment. The results may be expressed by the 
equation In the manufacture and in the evaluation 
; clinical dextran it is sometimes necessary to det 
ct} jaoaa Lt} saoa a( 1 -fP O.00083(00— 20)) (2 mine the concentration of the material in mixtur 
containing known volumes of water and methano 
where [a}ieos4 18 the specific rotation at the tempera To provide a basis for the polarimetric determinatio 
ture t (t= 15° to 30° @C) of dextran in mixtures of water and methanol, th 
specific rotation of a typical dextran was determin 
ante 6. Specific optical rotations of a dextran solution at | for various concentrations of methanol in wat 
different temperatures The results riven in table S show that the opt 


rotations in a 40:60 mixture of methanol and wat 
are about | percent higher than those obtained 





Temperature “« Wines) a remperature “¢ sly 
water alone 
mo vA. 70 
x pe. ad 108, 2 | Tanue 8 Specific rotation of dertran in aqueou 
| at 20° ( ! 
3.6. Effect of the Presence of Sodium Chloride on the Saiens aasliiiaiidied ; 
Optical Rotation of Dextran 

| Volume of Volume ° 

Solutions of dextran for clinical use ordinarily | methanol | water _s ade 


contain 0.9 percent W/V of sodium chloride. To 


| 0 1 Le 234. 45 
ascertain whether the salt alters the optical rotation | 10 mn 198 $8 238. 61 
appreciably, measurements were made on two | 20 bal 190. #3 236. 1 
———— 0 “ww ~L OO y r) 


‘This is in agreement with the findings of the Commercial Solvents Corp 
furnished in a private communication 
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defractive Indices of Dextran Solutions 


4.1. Aqueous Solutions 
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where pts the number of grams of dextran in 100 ¢ 


of solution (weights ino an The experimentally 
determined indices and the deviations from = the 
equation are given in table 9. The results show no 
consistent difference inh thre refractive indices ol 
dextrans from different sources 
4.2. Aqueous Sodium Chloride Solutions 

The refractive indices of dextran dissolved in 0.9 

percent W/V of sodium chloride were measured in 


the manner described above at 20 concentrations 
the maces of dextran in 0.3 


measured 


In a similar 
percent \W \ 


12 concentrations 


Trbentiniel 
of sodium chloride were ut 
the 

relating the grams of dextran im 


Krom the data obtained following equations 
100 mil of 


Index were 


olution 
contaming sodium chloride and refractive 


obtamed by the method of averages 


} in 0.9 percent W/V of NaCl 1) 
133455 4-0.001L5162¢ O.OOO003 Lor 
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carefully controlled Cries ol 
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The 
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diameter 
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previously ascertained by careful calibration 
the is blown out 
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enlargement in 


amples were dried and weighed in a eal 
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having a neck of about 6-mm inside 


provided with several graduation 
volume at each mark was 


Above 


the graduation marks neck into a 
bulb of about 2O-ml nnd 
fitted with a ground The 
the rhe k yj rmits mixing of the solution by repeated 
spilling into this bulb without with the 
grinding. When the solution was thoroughly mixed 
and with the meniscus within the graduated portion 
the flask and contents were brought to 


and the volume 


upper end 


stopper 


contact 


of the neck 
20° Cin a thermostated water bath 
was then determined 

From the density data thus 
equation Was calculated by the method of averages 


obtained, the following 


Apparent 
dl 


O07 17 


0.003908 | 0.0000 1597 p?, 
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table 12 The 
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table 13 
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Calorimetric Properties of Normal Heptane 


From O° to 520°K 


[Thomas B. Douglas, George T. Furukawa, Robert E. McCoskey, and‘Anne F. Ball 


1. Introduction 


nal heptane is one of the naturally abundant 
warbons, and in fact is one of the most abundant 
wnents of some fuels for internal-combustion 
Its thermal properties are, therefore, of 
ponding practical importance 
ubstance was recommended recently, at the 
Conference on Low Temperature Calo 
1}? as one of several materials suitable as 
lards for the intercomparison of precision heat 
tv calorimeters There are at present many 
oratories conducting high-precision heat-capacity 
irements on various substances In view of the 
ous nature of this work it seems desirable that 
be compatibl At the time of the April 
meeting of the American Chemical Society in 
itie City, N.J., a group of representatives from 
rent laboratories engaged in heat capacity calo 
ry met informally to discuss ways of comparing 
apa measurements made in different lab 
ories and of improving calorimetric techniques 
time of this meeting the yroup agreed upon a 
to distribute to participating laboratories iden 
samples of several substances for comparative 
irements. Such substances were to have suf 
purity so that the impurities present would 
insignificant effect upon the heat-capacity 
At the Fourth Conference on Low-Temper 
Calorimetry n-heptane, along with benzoic acid 
synthetic sapphire (a-aluminum oxide) was 
ed as a standard for the intercomparison of heat 
tv calorimeters. The Bureau undertook and 
bsequently completed the task of preparing and 
kaging these materials in suitable quantities for 
ibution The results of measurements with the 
temperature adiabatic calorimeter, given in this 
er, were obtained on this Calorimetry Conference 
eptane sample, whereas the results of the Bunsen 
alorimeter are based on the heat-capacity meas 


wasJrenamed tl 


| 


| 


urements with a high-purity n-heptane sample from a 
different sources Both sample however, were ol 
sufficiently high purity that the effeet of the impuri 
ties on the results is believed to have been ne vligibl 
It is hoped that other laboratories will also make 
heat capacity measurements on the Calorimetry Con 
ference n-heptane, so that calorimeter ol various 
design and the results obtained with them may be 
compared and ih thre veneral nyreement ray bye 
reached on the heat-capacity values of this substance 

Advantages of using n-heptane as a standard in 
clude the following: It can be readily purified (espe 
cially with respect to nonhydro arbon impurities 
it is chemically stable up to its critical temperature 
40° k and it ean be easily distilled into or out ol 
a calorimeter A discussion of its use as a heat 
apacity standard was recently published and values 
at even temperatures were given [2] The present 
paper describes the basic experimental measurements 
in considerably more detail Although the Calo 
rimetry Conterencs recommended 7 heptane us a 
heat-capacity standard from LO” to 500 K, the re 
sults of the measurements presented here indicat 
that with proper care the substance can be used for 
this purpose to 400° K 

The heat cape iby ot 7 heptane Wis measured be 
tween 20° and 523° K, using two calorimeters widely 
different in design An adiabatic method was used 
from 20° to 370° K, and a “drop”? method was used 
from 273° to 523° K with an accurately thermo- 
stated furnace and i Bunsen we calorimeter The 
two methods overlap in the temperature range 275 
to 370° K, where they serve to check each other 
The triple point and heat of fusion were measured in 
the adiabatic calorimeter Vaporization corrections, 
which become very important in the region of the 
critical temperature, were derived, using precise 
measurements of vapor pressure and liquid density 
made elsewhere 

Several series of precise measurements already 
published have been combined with the data reported 





here to give eritically adjusted values of the thermal 
properties of the saturated solid) and liquid and of 
the ideal gas. Heat-of-vaporization and vapor 
pressure data from 298° to 371° Ko were used to cal 
culate the second virial coeflicient, a well as the 
entropy of the real ras at one temperature Data 
on gaseous heat capacity and its variation with pres 
stire at temperatures from = 357 to 4606 KK. were 
used to evaluate the variation of the second virial 
coelhicient with temiperature and the derivation up 
to 470° Ky of thermal properties of the ideal gas 
consistent with the best vVapor-pressure tTeasure 


ments up to the normal boiling point (372° Kk 


2. Low-Temperature Calorimetry 


2.1. Apparatus and Method 


The low temperature series of heat capacity meas 
urements was made from about 20° to 70° WK usin 
an adiabatic calorimeter similar to that deseribed by 
R. B. Seott, et al | The readers are referred to 
this reference for details of the design and operation 
of the calorimeter The calorimeter used in- this 
investigation differed only in one respect from that 
deseribed, in that it did not have a filling tube 
The container was suspended within the shield sys 
tem by means of a linen string sriefly the appa 
ratus and the procedure were as follows: The normal 
heptane sample, about which details will be given 
in the next section, was sealed in a copper contaipet 
and suspended within the adiabatic shield system 
The copper contamer had a volume of about 100 mil 
and was provided with a central well for a thermom 
eter and heater assembly Vanes, spaced about 4 
mm apart, radiated out from the well to the con 
tainer wall \ thin laver ol pure tinh Was applied 
to the inner surface of the container to provide an 
inert surface to the sample and to solder the vanes 
in place. The outer surface of the container and 
the adjacent shield surface were vold plated and 
polished to minimize the heat transfer by radiation 
The space surrounding the contamner wa pumped to 
a pressure of 10°° mm He or less During the heat 
capacity experiments the shield temperature was 
controlled manually to be the same as that of the 
ontamer surtace by Tears of shield heaters and 
constantan-—chromel-P differential thermocouples 

The electric power input was measured by means 
of a Wenner potentiometer inp conjpunetion with a 
standard cell, volt box, and standard resistor \ 
precision interval timer, ope rated on GO-c ye le stand 
ard, was used to measure the time The timer was 
periodically compared with standard second signals 
and was found to varv not more than 0.02 see for 
a heating period, which was never less than 2 min 
The temperatures were measured by means of a 
platinum-resistance thermometer and a high-preci- 
sion Mueller bridge The platinum resistance ther- 
mometer was calibrated above 90° K in accordance 
with the 1948 International Temperature Seale [4], 
and between 10° and 90° K with a provisional scale 
[5], which consists of a set of platinum resistance 
thermometers calibrated against a helium-gas ther- 


momeber The provisional seale is based up 
value 273.16° KO for the temperature of | 
point and 90.19° Ki for the temperature of t} 
yen point All electric instruments and acs 
equipment were calibrated at the Bureau 


2.2. Sample, Purity, and Triple-Point Temper 


The normal-heptane sample was a part 
high-purity material prepared for the Calori 
Conference. The material was synthesized 
purified by distillation under the direction of 
lloward of the Engine luels Section of the I 
ha The distilled product had a purity of 
mole percent. R. T. Leslie of the Pure Subst: 
Section purified this material further by frac 
ervstallization The process involved slow 
lization ina vacuum-walled flask immersed in 
nitrogen \ single-walled flask was attached my 
to-mouth to the vacuum flask by means of a gro 
joint. During the freezing process, this assembly 
rotated around the axis joming the two flasks 
periodic reversal of the direction of rotation 
agitate the mixture. When 50 to 75 percent of 
liquid was frozen, the assembly was invertes 
drain unfrozen liquid into the single-walled flas 
This procedure was repeated until the material ws 
found to be sufficiently purified, as detern 
calorimetrically from its melting curve. The 
terial was passed later through purified silica 
remove water In order to obtain the highest po 
sible degree of identity in all samples, the n-hept: 
was subdivided m the liquid state without distill 
tion. The material was siphoned into 800-1 
flasks, which in turn were subdivided mto 100-1 
ampoules The contents of one sumple O-F 
these ampoules were used in the low-tempera 
hent capacity thensurements 

All of the sample contamed in the breal 
ampoule was transferred under vacuum by distill: 
tion into the sample container and sealed. TI 
purity of this material was determined calorimet 
ally from the equilibrium melting temperatures 
various liquid-solid ratios as determined from 
energy input, heat of fusion, and heat capacity 
the system The system Was assumed to follo 
Raoult s law ol solution and to form no solid so 
tion. The simplified equation, Nes AAT, was us 
to represent the relation between the mole-fractio 
impurity, No, and the depression, AT, of the tripl 
point temperature of pure n-heptane. The ery 
scopic constant, A, was calculated from A= Ly, 27 
where LL, is the heat of fusion, 2? the gas consta 
and 7, the triple-point temperature. The o 
served equilibrium temperatures were plotted 
the function of 1/F, the recripocal of the fractio 
of material melted. The product of the slop 
this curve and the eryscopic constant was taker 
be the mole-fraction impurity. As Ny is propo! 
tional to 1/F, the curve extrapolated to 1/F=0 wes 
taken to rive the triple pomt temperature of pure 
n heptane 

The results of the measurements are giv 
table 1 and are plotted in figure 1. The p 
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In all caleulations 
pice constant 1, was 
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tane was determined 
1 clectrn energy Was 
Lem pera lure shehtly 
mperature above it 
wrrected for the heat 
| sample below and 
the premelting of the 


’ 


sample due to the impurities. In table 2 are given 
heat-of-fusion measurements made with sample O- 
amd with another sample, 7-F. Sample 7-F is from 
another ampoule of } heptane prepared for thre 
Calorimetry Conferences The purity of this sampl 
was found to be 99.99; 0.002 mol percent The 
heat-of-fusion results with sample 7-F are generally 
lower, and the difference is considered to arise largely 
from the uncertaintv m= the heat capacity corres 
tions and not from the slight difference m= purity 
The heat of fusion obtained 1 probably necurate to 
about O.1 percent and thi quantity | tunken to be 
14,022 I4 abs j mol 


i] 


Heat Capacity 


The heat capacits thi heptane sample wa 
measured from about 1) to o40 IK Both bioh 
and low-filling runs were made under calorumetri 
condition i nearly klentieal a po ible The 
high-fillng experiments contamed 5S.1570 @ and the 
low-fillmg, 2.0196 g In order to minimize the 
curvature correction in the temperature range where 
thre heat capacity has a large curvature, the Lemipern 
Liire change per heating interval Wil enerally 
smatler than 2 deg below 3 K and from 2 to 5 de 
between 35° and SO° Kk Above SO° Ky the tem 
perature change was made from about 5 to LO ce 
Curvature corrections were applied to thos ensure 
ments wherever significant, according to the relation 
iven ma differs nt notation by Osborne etal (i) 


YZ \/ 
Q/al )/ 4 


im which 7 is the corrected heat capacity of the 


ample container plus its contents (solid or liquid 
and vapor) at the mean temperature, 7), of the 
heating interval, A7'; (0 ts the electrical energy added; 
and (0°27 o7 , s the econd derivative of the 


heat capacity with respect to temperature at 7 
The principal data from the high- and low-filling 
heat-capacity experiments are given in table 3 


The heat-capacity data given are “raw” and do not 
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amounts to less than OOO] conse 
not applied below this temperature 


table 


term percent 
wis 
at the final heat-capacity 
y those the outlined above 
compared in the range from 270° to 370 iN 
from the high-temperature calorim 


quently il 
In arriving values 
obtamed in manner 
were 
with the results 
eter and with previously 
The i Cussion Concerning the Comparison ana the 
range will be 
1.1 of this The heat-capacity values up to 
270 ly the 
results obtamed with the low temperature acdiabatu 


values {7] 


published 


final values im this riven in section 
paper 
howevel were based entirely upon 
These values unre viven in table 5 nlong 
370° K and higher 
ror a the triple-point 
teniperature the heat capacily curve shows a neyvative 
slope The many other 


substances also exhibit this behavior 


calorimeter 
with those in the range 270° to 
above 


considerable range 


heat-capacity curves of 
K in the final 
were obtained by extrapolating the 
Debve 


The heat-capacity values below 20 
tuble table 5 


lowest experimental results by means of a 


The equation used was 


7) 


funetion 
i J) ( 


litting to the experimental 
1) symbolizes the Debve 
its arvument 


obtaimed by 
values at 20° and 30° kh 
function and 138.157 


whi hi Wiis 


»>C 


2.5. Reliability of the Heat-Capacity Results Ob 
tained With the Low-Temperature Calorimeter 


The precision of the heat-capacity measurements 
is shown m the deviation plots of figures 2 and 3 
The two high and 
filling, were made under conditions as nearly identical 
as possible so that certain systematic additive errors 
The rate of temperature rise and 


series of measurements, low 


would cancel out 
the positioning of the sample container, of the leads 
and of the thermocouples in the two series of experi- 
ments were made as nearly identical as possible 

The mass of the sample container was slightly 
different for the two experiments because of a small 
difference in the masses of solder used in sealing the 
containel \ correction was applied for this differ- 
ence from known heat capacities of lead and tin. The 
heat-capacity correction for the lead-tin solder was 
made on the assumption of additivity of the heat 
capacities of lead and tin, and the maximum total 
correction for the differences in the mass of the 
container was 0.15 percent of the net heat capacity, 
which at the lowest temperature of the 
measurements 

In the test of a similar calorimeter used in the 
heat-capacity measurements of benzoic acid [8], the 
heat capacity of water was determined from 274 
to 332° K, and the results in general were within 0.02 
percent of the very accurate values previously 
published [9] 

Upon consideration of the various sources of error, 
it is believed that the heat capacities of these meas- 


occurred 


have from 50 to 


urements 0 Koa pr 


erro! ol percent Below 50° K the pi 
error is believed to increase to 1 percent larg 
to the decrease in the sensitivity of the thermo 
the intervals of 


smaller temperature the me 


and smatier energy input 


3. High-Temperature Calorimetry 


3.1. Method and Apparatus 


The enthalpy measurements at higher 
tures, Which supplement the heat-capacity mea 
ments made from 20° to 370° K, 
273° to 523° K (0° to 250° C extending to 
below the critical temperature These 
out bv essentially the method 


used m recent 


covered thy 
wr P > 
were ¢ 


same and wit! 
Vears for men 
The hh 
and revised apparatus have been deseribed in 
siderable detatl 10] In brief, the method w 
follows: The sample, sealed in its containe 


suspended in a furnace until it came to the chose 


Same apparatus 


ments on numerous other substances 


constant temperature, as measured by a platinun 
resistance thermometet It was then dropped into 
a Bunsen ice calorimeter, which measured the heat 
evolved by the sample plus container in coolin 
orc Between 150° and 250° C 
were repeated on a much smaller sample in th 
container, so as to check the Vaporization correctiotr 
that are especially important at these higher tempera 
Lures As the same container 
diphenyl ether [11], no repetition of measurements 
on the empty container were made The chang 
enthalpy of the sample between 0° C and the tempera 
ture in the furnace was computed from the difference: 
between the value of heat with the sample present 
and the earlier value of heat for the empty containe: 
The heat capacity was derived from enthalpy valu 
of the sample so determined for a series of furnac 
temperatures 

The sample of n-heptane used for these high 
temperature measurements (NBS Standard Sampl 
216a), unlike the sample used in the adiabatic calorim 
eter, had neither been svnthesized nor recrystal 
lized, but had been obtained by fractional distillatior 
from natural petroleum. Its content of impurity, a 
determined at the Bureau by eryoscopic measur 
ments, was 0.01 +0.01 mole percent When th 
sample was cooled to the temperature of dry ic 


Sue h hensuremet 


was used earlier with 


there was observed no cloudiness, such as would oc 
by crystallization of water. This n-beptan 
boiled to remove all air from the container while th 
latter was being sealed for the enthalpy measur 
ments \ detailed description of the monel con 
tainer and of the method of filling and sealing th 
sample in it were published in connection with th 
work on diphenyl ether [11]. 


— oo 


Wits 


‘ For these measurements a true probable error cannot be comput 
cally The values given are estimates arrived at by examining vari 
of error and they are to be considered (unless stated otherwise) as t! 
best estimate of the error, which is just as likely to be exceeded as not 
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3.2. Results 


esults of thre 
columns 1, 2, and 


mdividual measurements are 
> ol tabl i Phe Thee 
obtaimmed from. the 
into the 4 calorimeter, sing the 
ter calibration factor of 270-48 abs py ol 
\ The values im column 4 
wothing the mean values 


its listed were 


Inasses of 
y adrawnh 


were obtamed 
of measured heat for 
empty contaimer determined and reported 
| The value at 230° C 


wlation of divided by the furnaces 


was obtained by an 
thre heat 


i in nm «aeg ( This 
linearly with temperature 


quotient Vari 


didiittion to the iF int very mall correction for 
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rdditional 
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ssures of the 
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large 
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rreyvating to 1 Tew 


temperatures the 
heptane rave rise to 

ive losses of ma iv 
edths of | 


percent of the total mass during the 


measurements At the 
that the long standing at room temperature 
permitted the originally space of the 
contamer to fill corrections for the 


same time it was assumed 
times ol 
evacuated gas 
with nil ana 
contribution of this 
OLD pereent of the 
were applied 


After 


between thre Tre’ Tbbere 


and 
‘ \perun ni 


amounting to between 0.1 
total heat of each 
conversion to a molal basis, the difference 
sured heat for the empty 
contamer and that for the contamer with sample is 
recorded in column 5, taking 100.20 as the 
werht of heptane This differences 
enthalpy chanwe if the y ipor pre ure 
Actually lo rot the trie enthalpy 


molecular 
would be the 
rlicrible 
change of the 


corrected by an 


were the 


liqguid alone this difference wa 


equation given by Osborne 12 modified by ub 
stitution from the exaet ¢ lage Vron equation for the 


heat of \ iporiZation Mh 


equation may be written 


1, (Qi, — lal MIPV Wi 


where i] ! thre 
per mole of the 
nt its 


enthalpy 
aturated 
corresponding vapor pressure 7? at 
peratvure (, is the heat 


from 0 te &- «3 
liquid (1. « 
| 


mnerewse 
mamtamed 
each tem 


evolved per mole of 





hig ld and Vapor, in cooling irom to the closed 
container filled with the liquid and vapor maintained 
n equilibrium; [g]f is the contribution to [f made 


boy thi container, shields, and suspension wire 


\V/ Is thre 
of the container 
the 
saturated qt is the 
temperature and the superseript f and the 
ibseript 0 denote the value at 2° minus that at 0° C 
The enthalpy of the liquid at each furnace tempera 
to that at O° C was further converted to 


empty 
pel mol ol liquid ana Vapol molecular 
veight of the liquid; Vis the 


the total mass of 


volume 
liquid and \ I Is 
pect volume of the 


ibsolute 


relative 
the heat 
tween thre 


ture 
of the saturated liq id alone, be 
the 


( hang 


sume two temperature by use of 


thermodvnamic relation 


( Codt=H 


Moda 
heat saturated 
re sulting values are 
column 10, of 


where ¢ is the 
The 


their means in 


capacity of th 
recorded inh column 
tuble 1 In 
heat de 
livered by the whole sample and recorded in column 
D the 
rection 
listed 
tities are 


liquid 
0 and 
arriving at the values of net 


these from 


emploved values of the thre separate cor 


terms indicated by eq (4) and (5) are those 
and S These various quan- 
all given per mole of sample in order that 
the magnitudes of the the 


final heat values may be noted especially to permit 


n columns 6, 7 


corrections relative to 
an estimate of the relative seriousness of uncertain 
ties in them It will be noticed that the second 
correction V/ Vim ldP/d7 whose nu- 
merical magnitude equals the heat evolved in the 
condensation of as the temperature changes 
from @#? to O° C given 
furnace temperature mn the case of the smallest mass 
ol sample partly the total 
number of moles of sample is smaller and partly 
volume 
not occupied by liquid and hence available to hold 


Vapor 
is enormously larger for a 


This Is so because 


because the fraction of the total containe 


Vapor 

The internal volume, | 
temperature determined by 
with water from consideration of the 


is many times greater 

"of the container at room 
filled 
thermal 
and modulus of monel, this 
volume was assumed to vary almost linearly with 
temperature from a value of 10.74 em*® at 0° to 
10.87 em’ at 250° C The specifi 
liquid ; heptane were obtained by extrapolation ol 
Beattie, and Kay 13], 
temperatures between 30° and 
to the corre 
vapor 
used in the 
corrections were computed from the equation 


Was weighing it 
and 


expansion elasticity of 


volumes ¢ of 


the precise values of Smith 
measured at several 
250° C and at a number of pressures 
sponding The 
pressure derivative 


vapor pressures values of 


and its temperature 


log; ?(mm He 22 06549 — 1696.682/7 


14.72529 log, 7—0.028114357 


whose voeflicients were determined from thy 
pressures given at the five 
98.427 125.41 14], 267.01 

Equation b 
Vapor 
98.427° ©) as 


temperatures 2 
and 250° € [1-2 
undoubtedly does not represe! 
below the 
well as precisely 
cited later in this paper. However 
sufficiently small at lowe} 
peratures to make these errors of nevligibls 
At 150°, 200°, and 250° C the p 
calorimetric Measurements cover at least two n 
so-called “high and fillin 
temperature and corrections 
made for each filling 
the thermal data for 
riven 


normal boiling 


measured 


pressures 


the preset 
rections are these 
quence 

of sample “low 
each separate 
As an alternative proc 
the 
may be sepa 
with elimination of dP?/dT as the 
accurately known auxiliary datum 
and simultaneous solution of 
\ ielded values of dP dT 
percent with 
ever 


two sample TLaSSes 


temperature substituted 
into eq (4 
This Was 
these two equa 
which agreed within 
those caleulated from eq (6 How 
this alternative procedure of treating th 

As the values of dP/d T eal ul 
were belhleved to be ut least as accura 
as those calculated from the thermal data alon: 
former were used This permitted the calculation 
and comparison of separate corrected thermal values 
from the data on the different sample masses. Thy 
mean for each temperature listed in column 
table 4 was obtained by applying to the values of 
column 9 a weighting factor proportional to th 
sample mass and the number of determinations 
made on it, and inversely proportional to the averay: 
deviation of single measurements from the mean 
the set 


was not adopted 
from eq t 


3.3. Formulated Heat Capacity Based on High 
Temperature Results 


Undoubtedly the most accurate measurements 
available of the heat capacity of liquid n-heptar 
between 280° and 358° K 
Bureau by Osborne and 
Osborne, Stimson, and Ginnings in 1939 [7] 
1939 values determined in. the 
adiabatic calorimeter that had been used in pre« 
water [9] The 1941 results, o1 
obtained using a differ 
Osborne and Gu 


made at tl 
Giuinnings im 1941 


are those 


were Sane Ll 
measurements on 
different sample 
smaller adiabatic 
nings geve a quadratic function of temperature 
represent the 1939 values of the 
(’..,) from 280° to 358 K The average deviatior 
of the 1939 observed that 
0.028 percent deviation of 
1941 
0.037 percent 

Because the present authors 
they believe to be the best values available 
express the heat capacity of the liquid above 


were 
calorimeter 


‘ 


heat capa 


values from equatior 


whereas the ay erage 


observed values from the same equatior 


wish to vive 





a 


) 


to 358° K on only 


ms adiabatic-calorimeter values of the 


quation based from 


nd based above ss iN on only the we 
er values Ih equation, im mtegrated 
terms of abs 7 mole at 7° K, is 


50007 173 7 —O.0157207 
O.YF3c10 


teri are equ valent to thr eq Intion 

and Granninges thr last term which eon 
more than 0.01 percent below 358° K 

by ast squares to fit the ice-calorim 

erved values at 428° K (150° C) and above 
ven by this equation are listed in column 
able 4 The discrepancies im the results 
ed with the ice-calorimeter, which are listed in 


are within the precision of these measure 


poning until section 4.1 an inclusion of the 
rements reported in section the heat capac- 

j 523° K can be obtained by differ 
on ot ¢ abs } mol deg kK , 


0.081458 7-6. 8055010 


, TON 540.17 10 


the constant 540.17° K in eq (7) and (8) is the 
eal temperature of n-heptane [15], this formula- 


ives at that temperature a finite value of the 


ilps but the heat capacity (ya, and di d7 
ome infinite As the properties of this form of 


are believed to hold for all ordinary liquids, 


form of the exponential term was in fact selected 


1 


vossess these trends although as the temperature 


Is that of the range of the thermal measure 

ind appro hes the eritical, the actual values 
by eq 7) and (S rapidly become of little 
ity 


4 


4. Reliability of High-Temperature Results 


aence ¢ tive probable acceuracy of the heat 
I riven by eq s ean be obtained 


ree sources: (a) the reproducibility or precision 


measurements b) an examination of the 
vstematt errors and ( the agreement 
the Various values of the more precist 
rs in the temperature regions of overlap 
dering the precision of the mean heat capaci 
determined by heat measurements at inte! 
1 50 deg, the probable error of the unsmoothed 


determined by measurement with the ice 


meter of the empty container and of the con 

with sample, averaged 0.2 percent below 
( and 0.15 percent above 100 + The 
quent smoothing of these results with respect 


to temperature which may be considered to have 
altered the individual unsmoothed heat capacities 


by amounts averaging 0.2 percent, would normally 
be expected to increase somewhat the reliability of 
as smooth a funetion with temperature a the heat 
capacity of a liquid 

Variou SOUTrCE ol vstematic error with the te 
calorimeter were examined error rie \ have iM 
curred in temperature measurement, in mass o 
hae plane, and in the calibration factor of the ealorim 
ele! \lso, the heat lost during the drop from. thy 
furnace may have been slightly different between 
runs with the empty contamner and those with the 
contamnel! plu sample Hlowever no one of these 
lInectors Is belly ved to have contributed to the hie nt 
capacity and error of more than O.02 o1 O05 
percent As for the correction of O.1 to O15 pereent 
necessitated by the assumed presence of air inside 
the container in one series, this is somewhat unecertam 
only because the specie heats of au and n heptane 
are considerably different, for the sum of the masses 
ol the two substances Was accurately known 
Over all checks on the accuracy of the ice calorimeter 
have be nh ale sf ribed pre viously 11) eu iy at cher kk 
runs for the average heat capacity of water between 
O° and 25° C, and between 0° and 250° C, cave values 
lower by only 0.05 0.14 percent and 0.02 0.02 
percent, respectively, than earlier precise results 
with an adiabatic calorimeter 4} 

The corrections given by eq and (5) beeome 
larger and no doubt eaused a vreater source ofl 
erro! the highet the temperature The most 
uncertain quantity in these corrections is probably 
dP/d7 One approach is to investigate the effects 
of making such changes in this factor in order that 
the observed mean corrected heat changes ol liquid 
/ heptane become identical at each furnace tempera 
ture for the series with large and small sample TLaSSeCs 
It ean be found readily from table 4 that the heat 
capacity above 400° K would in this way be changed 
by amounts up to 0.3 pereent 

In addition to the foregoing considerations it 
can be seen from figure 4 that the heat-capacity 
values of Osborne and Ginnings, who claimed an 
accuracy of 0.1 pereent and on whose values eq 
8S) depends almost entirely up to 370° K, do not 
differ from those of the other investigations by more 
than 02 percent Some consideration must be 
riven to the deviations below 370 KK of the tee 
calorimeter values from those of the other investi 
rations, as eq ‘ depends almost entirely on. the 
former above 370° Kk 

Considering these various data on reliability 
the estimated accuracy of eq (S) may be considered 
fo corre spond toa probable error ot 0] percent be 
tween 280° and 360° Wand increasing to + 0.5 percent 
at 500° Kk Above the last temperature the uncer 
tainty must b considered still greater im view of 
the added uncertainty of the course of the heat 
capacity curve neal the end of the rewion of measure 


ment 
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4. Derived Thermal Properties of Crystalline 
and Liquid n-Heptane 


4.1. Tabulated Heat Capacities 


range 280° to 360° K,. three 


values of liquid n-heptane 


In the 
series of heat-capacity 
measured at the Bureau are available 
with the adiabatic calorimeter that was employed 
down to 20° Kk 2), those obtained with the 
ice Calorimeter (section 3), and those with two other 
Osborne and 
the first 
consistently 


temperature 
those obtamed 
section 


adiabatic calorimeters Ginnings {7} 
Of these three sets of values 
the and the 
highest the differences being smaller 
absolute error claimed 
The “final” tabulated values from these 
three data given in table 5. These 
values were arrived at with the following consider- 
ations. The Ginnings (in- 
cluding those of Osborne, Stimson, and Ginnings 
The ice-calorim- 
capacities as 
the temperature approaches 273° K, the end of its 
working range, where the derivative with temperature 
becomes indeterminate. The shield control in the 
adiabatic claorimeter becomes a little unwieldly at 
higher temperatures, and at the same time heat 
transfer by radiation can be significant if any 
unknown thermal gradients exist in the calorimeter 
From 280° to 360° K the values of Osborne and 
Ginnings were given greatest weight, with the re- 
sults of the adiabatic calorimeter used in the present 
investigation being given increasing weight with 


are consistently 
the 

than the esti- 
with the 


lowest second are 


mates of two 
methods 
series of are 


values of Osborne and 


are considered the most accurate 
eter method gives less accurate heat 


decreasing temperature varying from none at S60" kh 
and Gi 
2S to | 


to about half as much as those of Osborne 


hings at temperatures above 
and below 270° K 
riven ho 
increasing weight 
weight 
Osborne 


just 1 
The ice-calorimeter 
weight 350° Kk but 
this temperature and 
extrapolation of the 
CGinnings longer 
with 


weight at 


values were below 
above 
where equator 


and is no reliable, as 


discussed earlier in connection the derivation 
of eq S 

Several additional investigators have 
the heat capacity of solid and liquid n-heptane 
With the exception of the results of the Petrolew 
Experiment Station, U. S. Bureau of Mines, ther 
are the following other less precise determinations 
Williams and Daniels [16] used an adiabatic calorin 
from 310° to 350° K Parks, Huffman, at 
Thomas [17], using an aneroid calorimeter, cover 
the temperature range from 90° to 299° K.  Pitzer’s 
[18] heat capacities were measured at approximatel) 
15° to 318° K; and Richards and Wallace [19 
determined the heat capacity from 293° to 313° K 
from the adiabatic temperature-pressure coefficient 
No heat-capacity measurements on the liquid above 
358° K, other than those reported in this paper 
were found 

A comparison of the results of the various invest! 
gations with the adjusted “‘final’’ values of table ‘ 
is given in figure 4. Included also in the figure are 
recent precise values determined on a Calorimetry 
Conference sample of n-heptane in an adiabati 
calorimeter by the Petroleum Experiment Station 
U. S. Bureau of Mines, Bartlesville, Okla. [20 
These values show excellent agreement with those of 
the present authors 
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4.2. Enthalpy, Entropy, and Gibbs Free Energy 


In table 5, columns 3, 4, and 5, the values of rela 
tive enthalpy entropy and relative Gibbs free enerey 
of ervstalline and liquid } heptane ure tabulated nt 
saturation pressures and at round temperatures from 
O° to 520° kK lor most purposes intermediate value 
can be obtained by linear interpolation or more 
accurately by quadratye interpolation These prop 
erties were obtained by evaluating the thermo 


dynamic relation 


/1 


Ie is the internal energy of ervstalline heptane ut 
O° K, and 7; is the absolute temperature of the triple 
point The entropy of crystalline n-heptane is 
assumed to be zero at O° K. The terms containing 


L,. the heat of fusion, are obviously to be omitted 


below the triple pol 

Below 20° K the above three equations were eval 
uated analytically, using the Debye heat-capacity 
function. Between 20° and 270° K the evaluation 
was by tabular integration, using Lagrangian four 
point integration coeflicients 121] No attempt was 
made to fit the tabulated values of these properties 
between 20° and 270° K to equations. Between 270 
and 520° K the evaluations were carried out analyti 
cally by using for the heat capacity eq (8), making in 





the enthalpy, entropy, and free energy the proper | ation of heat capacity with pre 
small adjustments graphically arrived at by use of the | relation 
differences between the tabulated heat capacities and 
those represented by eq (S) in the temperature range oc'/aP 
from 270° to 370° k 
of its mall magnitude the term The best approximation arrived at to a fit 0 
i data to e 16) [24] gave a 1400° KO ane 
. dP il dl — a applied ip <0) K em Rent tg The avreement t shown _ 


Above 273.16° K the following empirical equation Kquation (15) now becomes (in em mol 


in terms of abs } per mole) was used 


log | IPAT)AT 0.074729 
7 (490 610 MhO1G 

im each case, of course, adding the value of the 
integral from O° to 273.16° K Thi equation repro 
duces the values directly calculated from the data 
within 2 } per mole In the substitution of eq (S 
into eq (10) to evaluate the greater part of each 
entropy value above 270° K. the exponential term 
Ws replaced aceording to the following tdentity 


, 7000/7 40.17 d] 


= 34) The constant 6 in eq (17) was evaluated by 
5 culating values of 7 from the exact equation 


MON; ; dT. (18 B=(L,/T(dP/aT)|—RTIP 


In gros at! at i sions al ee oe obtained by substituting eq (14) into the Clapeyr 
was reduced to the last term o eq > which 8 very equation The molal volume of the liquid | ai, the 


small at all the temperatures involved vapor pressure 2, was interpolated from the val 
of Smith, Beattie, and Kay [13] The necessar 


5. Derived Thermal Properties of Gaseous | values of vapor pressure and its temperature deriy 


n-Heptane tive were computed from the equation (with 7’ 
atmospheres and ¢ in degrees C) [14 


5.1. Equation of State 
low P Povo LVOS.115/ "216.9000 

\ number of observers ®° have measured the heat 
of vaporization of n-heptane at various temperatures which appears to be based on precise measureme! 
For the comparison of these values, an equation of | from 290° to 372 K at the Bureau [25] 
state of the real ris is needed At low pressures lists the emploved observed values of L., the he 
the form involving so-called virial coefficients no | vaporization, as well as the resulting valu 
higher than the second (/}) may be used obtained by use of eq (17 IS), and (19 


PV RTA RP 14) | Tanun 7. Obes a 

econd ‘ coe ficient of eplane calculated f 

where 2, which ts assumed to be approximately va po 
independent ot pressure, may be taken to have a 


temperature cle yy ndence of the form [22] 
}} h, 


a, 6, and ¢ being empirical constants 

Waddington, Todd, and Huffman [23] have made 
precise measurements, in a flow calorimeter, of the | 
heat capacity of n-heptane vapor at different pres 
sures below | atm and at temperatures from 357° to 
166° K, On the basis of eq (14) and (15), the vari 





i vapor pressure this method of determin beenuse ol othe likely ippreciabl varnition with 


econd virial coetheirent becomes much |e temperature of the “constant of eq (15), as pointed 


owime to the large magnitudes of the first out by Hirschfelder, MeClure, and Weeks [22 
in the second member IS vricl thee 
matter percentage ¢ : of low vapor 5.2 Heat Capacity 
Assigning to each value of the last col 
{ a weight mversely proportional to \\ vert odd, and Tluffman [28 \trapolated 
ndard deviation determined statistically , Lpacity { ra hy to 


j ] ns 6 
ind direetly proportiona 16 Tk Phe mtion, when 
root I number of determination converted | role ’ 1 iS40 
vaporization 3 that temperature, a ths j) and expre ' tbsolute 

us found for 6 temperature 
nition tor thre rial coelherent 


in em mol 


All their experimentally derived points are fitted by 

tha equation to - O00 pereent ihe precision of the 

Beattie. and Kay ‘} measured the densi measurements themselves being civen as O.l per 
heptane gas at temperatures of 54S ve cent 

K and at densities of from 1 to 5 In ordes to compare the values of heat of Varporizn 

- iter (pressures above 25 atm Hirsch tion in table 7 at some one temperature, 101s desirable 

\ieClure. and Weel >>] extrapolated thes« to have hent capacities of the gas between 2SS° and 

oO zero pressure and ive the equation of state edd Ka well The use of my y- extrapolated 

mol over this temperature region was found to lead to 

vapor-pressure temperature coellicients between 208 

r and 370° WK that are rather consistently about O44 

percent | than indicated by eq (19 As the 

{ latter equation ! thought to Lye eon iderably here 

on of the values of the second virial coeth 

aeeurate than thi much better agreement with ut 

al temperature as calculated by eq 

Is afforded bry table Ss (‘on dering 

different temperatures and pressure 


wa ecured by assuming lhehtly higher heat 
capacity values below 370° K than given by eq (22 
The equation adopted between 288° and 370° KO (in 
h the data dets rmining the two equation | 

at | cle 4 mole ! 
irred, the agreement at the lower tempera 


ood \t the hivher temperature eq 21 0 44908 ] 0 
ibtedly gives much better values llowever 


tun ofl eq ? 1 in eq It) rive very pool Mhi 


rive the ame value at 370° Koa qd but 
ent with the observed varation of heat 
' el 100° | eliminates the small curvature of that equation by 
, essure belo (vf » disarres 
with pt a “ X, the —— unin as a constant Lemperature coctherent that 


ny decidedly outside the experimental error of eq at 370° K 


likely that at the lower temperatures eq (20 
= <n flew Never say Revel 3, Menton ll 5.3 Standard Enthalpy and Entropy at 298 16 K 
iture and pressure ranges from those in which 
pporting PVT data were measured, but also In preparation for caleulating the thermal proper 
ties of gaseous n-heptane at various temperatures in 
if hypothetical standard tants the weal ea nto 
pressure of To atm the values of enthalpy and 
entropy at some one temperature, relative to the 
ervstalline hid at OF Ky may now be calculated 
from the values for the liquid at this same tempera 
ture the heat ol Vaporizaction nnd the equation of 
tate 

Krom considerations of both thre aceuraeyv and the 
precision Of the values of heats of vaporization in 
table 7, the most reliable value is probably that of 
Osborne and Ginnings measured = at OS 1h IK 
They claimed an accuracy of +O] percent \ 
direct comparison of the other seven values in the 
table with this value was made after calculating 
from each of them the heat of vaporization at 
- lia oa ; 298.16° K by means of the following steps 
i Mats been ened im antivinn ot tae @ , (a) Saturated liquid) at 208.16 K—-saturated 
Mp phe way nies liquid at 7 


well within 
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b) Saturated liquid at 7 saturated gas at 7 5.4. Enthalpy, Entropy, and Gibbs Free En: 
c) Saturated gas at 7-gas at 7, zero pressure ; 

d) Gas at 7, zero pressure->gas at 298.16° K In column 2 of table 10 are tabulated the 

of heat capacity ol n-heptane in the ideal vi 
calculated over the range 298.16° to 370 k 


22 In colur 


zero pressure 

‘ (ras at 2OS.16 iN zero) pressure -saturated 
gas at 208.16° K 
The enthalpy change of st p (a 
table 5 That of step b) is the heat of Vaporizacion 
measured at 7, and that of step (d) was caleulated 
from eq 2 The enthalpy changes of steps (« and 
e) were found after substitution of eq (19) and (20 
into the thermodynamte relation 


eq (23) and above 370° from eq 
was obtained from t, and 5 appear the values of relative ent! 
entropy, and relative Gibbs free energy resper 
calculated from the equations 


dl d 24 


The resulting values are given in table 9. The 

deviations, also listed, are within the uncertainties 

claimed by the various investigators For the heat capacity, eq (22) and (23) were su 
tuted over the temperature ranges of applical 
indicated above with determination ot the 
gyration constants of eq (25) and (26) from the 4 
at 298.16° K of enthalpy and entropy, respect 
derived in the preceding section The value 
entropy and free energy ure those at the stan 


pressure, one atmosphere 


5.5. Comparison With Observed Vapor Pressures 


By equating the Gibbs free energies of sat 
liquid and vapor, the thermal functions for the 
states may be used to derive values of vapor 
sure, Which may be compared with the direct] 
termined values. With vapor pressure 7’ in at 
pheres the resulting equation Is 


The enthalpy of the saturated liquid at 298.16° K | RT In P=[F,,. (liq) —H5)—[F° (e i] PB 


f 


(relative to the erystalline form at 0° K from table 
5, is 52,596 abs j} mole The value 36,547 abs j-| Substituting values of relative free energy 


9 _ 
20) eq 


mole was adopted as the heat of vaporization, and tables 5 and 10 and values of 7? from eq 
the increase in the enthalpy in converting the satu was solved between 300° and 370° K, approximat: 
rated vapor to zero pressure was calculated from eq the temperature range of the direct measureme! 
AU 20 and (24) to be 76 abs | mole Hence 
the enthalpy of the ideal gas at 298.16° K, relative Prarie 10 
to the ervstalline form at 0° K, is 89.219 abs j mole me 

The absolut entropy of the saturated liquid ut 
298.16° K. from table 5. is 327.98 abs } deg mole 
From the ndopted value for the heat of vaporiza 
tion the entropy of vaporization is 122.57 abs j 
deg mole The entropy ot the ideal gas at l-atm 
pressure is less than that of the saturated vapor at 
the same temperature by Rin P?P—PdB dT, where 
/} is the gas constant, and /’ is the vapor pressure in 
atmospheres dBRdT was evaluated from eq (20 
and for the vapor pressure a value 0.15 percent higher 
than given by eq (19) was used, in order to secure 
better agreement between that equation and vapor 
pressures calculated from the thermal functions near 
the normal boiling point (372° K), where eq (19) is 
probably more accurate. The last correction to the 
standard state thus becomes 23.16 abs j deg 
mole~', giving for the standard entropy of the gas at 
298.16° K the value 427.39 abs } deg™' mole™' 





eviations from eq (19), which are within 0.1 H. Meyer t. D. Rand 
and near 370° K become much smaller. are Brickwedde. and N. Bekkedahi. J. Re 
hin tl \ fthed t! 30 (1945) RPI66I 

sa ; ’ , . ISI , 
iy within we accuracy Ww aires V hensures Stimsor | Re rch NBS 42, 209 (1949) RP1O62 
Hoge and F. G. Brickwedde, J. Research NBS 22, 
1939) RPLISS 

' nif 4 } i wr i , J >? rd 
ras relative to those of the solid and = the ‘ on } . earch NBS 48, 76 (1952) RP22S87 

ort Stin .F 

the observed precise Vapor pressures were 


e derivation of the thermodynamic properties 


| S. Sligl ind ¢ ~~ 


‘ Pap. 20, 65 (1925) S501 
y used Hlowever, greatest weight was given 


1) ¢ Canning J earch NBS 39, 
highest observed Vapor pressures those heal 


ormal boiling pol Thus the results are : - ne " ‘RP und G. J 
OD tPV2h 
cally the same as if only the normal boiling ; 

, ‘ sor und 1D, ¢ 
1939) RPL22S 
Consequently rigelin and At 
ose agreement between eq 10 and oN ‘ 1050 4 y- ies 

" ! IrukK: ning ‘ ( sk ana 

ibove, is essentially a test of the compatibility , oe ston ,, reh NBS 46, 195 (1951) RP2191 
een the observed thermal properties and the . rm feos h 4, 6098 (1930) RPGs 


had been used, it being necessary to assume 


st one Vapor pressure value 
i 
on with temperature of the observed vapor 


28) may be used to ecaleulate from 
thermal properties of this paper 
ably accurate values of vapor pressure from 
o 470 Kk as well, these are not listed here 
creasing magnitude of the vapor pressure as 
perature rises rapidly mcreases the contribu 
the last term ’ é with the result that 
certainties mv. the al of the second virial 


( | rapidly become more mportant 
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It should be noted that the application of the 
sensitivity criterion in comparing two test methods 
implies that a definite functional relationship exists 
between the properties measured by the two methods 
This restriction is not introduced by the sensitivity 
concept, but rather a limitation inherent in any valid 
If a characteristic Y can be adequately 
measured by two different Vand N, both 
methods must be functions of Y and therefore 
functionally related to each other In many cases, 
M and N, in addition to depending on (, will also 
depend on other factors not common to both A 
comparison of Af and N for the determination of ( is 
then only valid under conditions in which the results 
V7 and N are solely governed by varia 
all noncommon factors must be held 


comparison 
methods 


vielded by 
tions in (/, 1. e 
constant for all samples involved in the comparison 
Failure to satisfy this condition will result in data of 
Vand N that may well show significant correlation, 
but not necessarily a definite functional relationship 
either with each other or with the characteristic Q 

It is also important to note that the functional 
relationship assumed to exist between the methods 
Vand V need not be known for the application of 


the sensitivity criterion 


4. Test of Significance for the Sensitivity 
Ratio 
It has been shown that a measure of the relative 
merit of a test method 17 with respect to an alter- 
V is given by ratio 


native method the sensitivity 


/ 
¥ - 
~ AK 
WN 


where A’ is the slope of the curve of \/ versus N in 
the region of the curve at which the comparison is 
made If this ratio exceeds unitv, 7 is superior to 
\ Since, in general, both A’ and the quantities 
oy and oy will be determined experimentally, the 
ratio Yy/yy can only be approximated, and its esti 
mate will be subjeet to random fluctuations 

In practice it is fortunately quite often the case 
that the two tests are carried out on the same sample 
or in such a manner that their relationship is known 
with much highet than either of the two 
measurements, Thus, a comparison of the relative 
merits of measuring the rate of tread wear of tires 
by weight loss or by depth loss can be made by 
measuring both tire. While 
either of these experimental quantities depends on 
highly variable climatic and conditions, the 
relation between the two is practically free from 
these effects under the 
same identical 

In such cases, the fluctuations in the sensitivity 
ratio can to be due entirely to the 
uncertainty in the ratio sy/sy where s is a sample 


precision 


on the same 


losses 
road 


because both are obtained 


conditions 
he considered 
estimate for the corresponding o 


Te determine whether the ratio | A’ 
unity, a statistical test is made_of the hypothesis 


On Oy exceeds 


K’\oytoyw=1, against the alternative hyp 
Kay Ow Be 

The quantity / y /oN is known 
distributed in accordance with the F-statisti: 


Consequently, 


(Sy Ow 


Ny l 


ww VF 


A’ 


If Fy is the tabulated value of the F-statist 
the level of significance, the 
K’'\(sy/sy)1/y Fo represents a lower confidenc: 
for the sensitivity ratio |A’ley/oy. If this low 
limit exceeds unity, it may be concluded 
confidence level that \/J is more 
than NV. 

In the example shown in table 1, the numbe: 
degrees of freedom used in the estimation of th 
standard deviations ranged from 38 to 48. Exami 
ing the data of plant A and the 100-minute cur 
for which there were 48 degrees of freedom for 
standard deviation, Fy, at the 5 percent leve 
significance, equals 1.61; and consequently, th 
lower confidence limit of the sensitivity ratio equals 


desired qual 


at ti 


sensil 


chosen, 


\ 1.61 


From this value it can be concluded that str 
even in the least favorable of the cases examined 
least as sensitive as and most lik 


Is al stress, 
more sensitive 

If the experimental error in the estimate of th 
slope A’ is not negligible, the above test of signi! 
cance is not valid. In such cases, the correct statis 
tical procedure for testing the significance of th 
sensitivity ratio depends on the type of relationshy 
between the test methods (linear, quadraty 
logarithmic, etc.) as well the design of th 
experiment used to establish the relationship. No 
attempt is made in this paper to deal with th 
statistical theory for these more complex situations 


two 


as on 


5. Effect of Scale of Measurement 


There exist many cases in which measurements | 
physical or chemical properties can be expressed 
more than one scale. For example, im measuri 
the light-absorption characteristics of materials 
results can be expressed either in optical density 
transmittance. Another exampl 
the measurement of refractive indices: In m 
instruments, a scale is provided that allows 
direct reading of the refractive index rather that 
angles of refraction and of incidence. In thes 
the different scales of measurement correspo! 
functionally related quantities, but the fu 


in percentage 
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» them are not linear An important ad extent that the following calculation of the ratio of 
e ot the sensitivity concept is its nondepend the two SeRSiItivities is applicable 
on the seale of measurement The standard 
on, being expressed in the same units as the 
ement, has a value that depends on the unit 
ile m which the measurement is expressed 
oeflicient of variation, which is defined as the 
of the standard deviation to the mean value. is 
mensional, because both these quantities are 
sed in the same units lLlowever except for 
that are proportional to each other, the co 


It is evident from eq (13) that sensitivity is not 
affected by any transformation of the measurement 
nt of variation is dependent on the seale in and is therefore independent of the seale in which 


the measurement is expressed 


the measurement ts expressed 


i 
} 
I 


er, for example, the logarithmic transfor 
fa measurement y 6. References 
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Infrared Emission Spectra of Cyanide and Dicarbon 
Radicals 


W. S. Benedict * and Earle K. Plyler 


1. Introduction 


ral studies have recently been reported Pe. 
which flame spectra were observed in the near 
under high resolution. The 

tructure in the vibration-rotation bands of 
OH, and H.O was resolved to an extent, pet 

the determination of the rotational energy 
bution, Which corresponded to equilibrium tem 
tures in the neighborhood of 2,600° K This is 
what lower than the temperature of 3,000° that 


ad region rota 


been reported for the OH distribution on similar 


when studied by the near-ultraviolet spectra 
In the latter the spectra from 
ronic transitions of high-transition probability, 
fetimes of the excited state from 10 to 10 
vhereas for the infrared vibration-rotation transi 
the transition probability is much less, and the 
d-state lifetimes are from 10 107° see 
was therefore a matter of interest that, in the 
ol exploratory studies it Was possible to 
fv electronic transitions, from the CN and C 
als, falling in the infrared region. A determina 
of the rotational temperatures and concentration 


cause arise 


to 


excited molecules from these spectra might shed 


lo 2 ¢ lectron 


light the of the combustion 
ss and the region of flame radiation, since here 


observing transition of relatively high prob 


upon nature 


ty arising from states of low excitation potential 


volts The present paper reports 


etails of these observations, which, although 


of high quantitative accuracy, appear to estab 


hat the infrared radiation, from whatever source, 
somewhat lower temperatures than the shorter 
ilation 


2. Experimental Method 


measurement of the spectrum of flames in the 
nfrared region has been carried out by the use 
spectrometer. The grating has 15,000 
inch and has a ruled surface of 5 by 7% in 
. ilfide cell is the 


rating 
thei 
and a 


used as detector. 


2 ooo 200 


chopper placed m front of the slit modulates the 
radiation with a frequency of 1,080 ¢/s. With in 
tense spectral lines a partial resolution of 90,000 is 
obtained The optical arrangement of the 
trometer has will 


sper 
been deseribed 6] and not be 
repeated here 

The emission spectrum of a fuel-rich oxvacetylene 
flame was measured in the region from 1.0 to 1.3 u 
In the region above the inner cone of the flame the 
spectrum showed the emission bands of H.O, and 
OH with a strong continuous background. When 
the flame was adjusted so that the inner cone ex 
tended about 2 in. above the tip of the torch burner 
an entirely different spectrum from 
the inner of the flame the 
observed spectra of CN, and the 
observed spectra of C 


3. Discussion of CN Bands 


was obser \ ed 
Figure 1 


figure 2 


cone shows 


show s 


feature of 


CN has two intense electronic band SVstems, 
with an f-value n the neighborhood of 0.02 

violet system (S*-E*) is 
flames burning in 


has also been 


a characteristi 
carbon-rich air: the red 

I, observed in such 
but less prominently, in the red and near infrared 
The origin of this system has recently been found 
17, 8] to lie farther in the infrared than was earlier 
believed. The (0,0) band, which extends from 
9195.6 em! to beyond 8500 em™', has its origin at 
9117.34-0.1 em This band photographed 
with high resolution by Kiess |S], who used a carbon 
are as the source, and it was observed with a 
low-resolution infrared by 
and Phillips [7] from a discharge through benzene 
Vapor 


svstem 


SOuUTCOS 


wis 


nh air 


spectrometer Herzberg 


This band has bee n observed asa very prominent 
feature of the radiation from the inner cone of a fuel 
rich oxvacetvlene flame In the radiation from the 
outel may be verv. weakly 
masked by water-Vapolr eThission in the same region 
The slit nder thes 
conditions Structure, con 
ot 6 branches satellite 
branches, ts not fully number of 
the lines, especially in the strong Y branches, stand 
out clearly 


cone it present but is 


width about 1.5 em l 
th 


strong 


was 
complex rotational 
and 2 


but a 


sisting weak 


resolv ed, 
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Q, and R branches are shown above the spectrum 
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ew of the imperfect resolution, it does not the system has not been measured or calculated 
asible to use this band for a determination but it should be of the same order as the Swan bands 
rotational temperature It was, however and the other band systems involving similar ele 
that the observed intensities are in rough | tron-transfer spectra [11], namely, ~0.02 
ent with the caleulated intensity by assuming We have now observed the (1,0) and (0,0) bands 
0° Hence one may conclude that ther Which are the most intense features of the emission 
irge deviation from thermal equilibrium in from the inner cone of the fuel-rich oxvacetvlene 
n the excitation of the various rotational — flame in the region of the spectrum where they occu 
vithin this band The (1,0) band has its head at 9865.7 em LOLO7 
order of magnitude of the CN?IT concentra \), and mav be followed to beyond the 40th line of 
iw be very roughly estimated. If we accept | the Y branch, at 9491.5 em The rotational struc 
imate of Herzberg and Phillips [7], the inte ture is relatively open, there being only the three 
ntensity of the entire red system corresponds | branches characteristic of a ‘ILS! transition; a 
value of 0.02. By assuming a temperature in | strong @ branch, and P and 7? branches that are 
re 7 2 S00° K, the vibrational distribution weaker by a factor of 2 \loreover, because of the 
h that about 59 percent of the molecules are | zero spin of the C™ nucleus, only even values of J, 
ero level Since the 0.2) band at 5,059 for the lower state appeal The spacing ol the 
uuld not be observed, the (0,1) band at 7,075 9 Q-branch lines at the maximum, near J—24, is 22 
ould barely be recognized. These faets in em which permits clear resolution of all three 
that at least 50 percent of the total radiation | branches, even with the relatively wide slits of 
thre 0 level is in the (0.0) state Hence ~1.5 em~! required The (1,0) band is overlapped 
lol O0)~5 10 O5SxXOB6~15 1 em by a strong violet-shaded band head at 10830 A 
From a rough estimate based on the in As the second-order visible radiation was not com- 
of other thermally excited spectra, the | pletely removed by filters, this is clearly the (0,0 
e emissivity over the band width of 300 | Swan band in the second order, the strongest band 
s~0.01 Accordingly, Nex+= 0.01 800/1.5 in that svstem It is of interest that the ratio of 
»10°" em atm For the inner-cone thickness | intensity of the Swan Phillips systems showed no 
0 em, this gives a concentration of CN* of | significant variations with conditions of excitation 
atm; if in thermal equilibrium with the The (0,1) band falls in the region of strong emis 
State the total concentration of CN 2 sion due to Ol and moderately strong emission clue 
atm. This is 10° times greater than the to H.O. A number of the stronger lines of the Q 
ited concentration at therman equilibrium branch, from J’’10 to 30, may be identified by 
s¢ very rough results are confirmed by mor comparing tracings of the inner- and outer-cone radi 
titative measurements of the emissivitv, it | ation in this region; the inner cone favors C,, the 
ns that the CN* is formed in some of the chem outer, H,O. Considerable overlapping occurs, how 
actions in the inner cone, and that the radi ever, and, under the most favorable conditions, the 
s chemiluminescent in origin. ‘Temperature | intensity of C, does not exceed 30 percent of that of 
rements derived from observations of these | the OH lines in the region 
would then have little meaning, except to The O00 band is quite free from overlapping 
onstrate whether the radical survives through | ynder the conditions where it appears. strongly 
igh collisions to attain thermal equilibrium | Hlencee the relative intensities of the resolved YP, 
its rotational modes. This appears to be | and 2 lines may be used to determine a C, rotational 
“temperature The rotational transition probabil 
4. Discussion of C. Bands ties for 'IL-'S are well known [12]. By plotting log 
/S'* against 7’ a fairly good straight line is ob 
al electronic band systems have been ob- tained, whose slope corresponds to a temperature of 
for C. in flames The ground state is “II,; | 2,600 +200 K. 

Swan bands in the visible spectrum are due to a This “temperature” determination from the obser 
tion from the “II, to the ground state Two vation of a band of C. is relatively rough, due to the 
ng singlet states are also known; the transi- | necessity of using wide slits and the presence of 
between them, Il p- was discovered by considerable background and hose level lt Is 

ps [9], who located the (2,0), (3,1), (3,0), (4.1), | certain, however, that the rotational distribution 

5.2) bands in a dis harge The same bands, vields n temperature of the same order as that riven 
between 7700 to 9000 A. were found by Horn- by CO and OH. for the outer cones. and indicated by 

and Herman [10] in the photographic infrared | CN, as well as what is calculated for over-all thermal 

e oxyacetylene flame. As the constants of both | equilibrium in the reaction products. This is in 

ronic states are accurately known (‘> is the | marked contrast to findings in similar flames when 
level of the Mulliken bands, and 'Il, the lower | the Swan bands of C, are observed [13] where 
of the Deslandres-D’Azumbuja bands), it is | “temperatures” in excess of 4,000° K are indicated 

ble to calculate with precision the positions of | This would appear to mean that the triplet states 
nes of the (1,0), (0,0), and (0,1) bands, which | involved in the Swan transition, are formed in the 
| be the strongest bands of the system under | chemical reaction with excess rotational energy and 
tions of thermal excitation. The f-value of | that they are not able to attain equilibrium through 
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collisions in their radiative lifetime of ~10 sec. | 5. References 
The singlet states, on the other hand, involved in the 
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Refractivity Measurements on Thick Plates 


James B. Saunders 


1. Introduction 
nereasing use of large opti al elements. such 


il tunnel windows large aerial Camera lenses 


e interferometers, has increased the need for 
ecision testing of opti al homogeneity in thick 
Interferometri essential 
that to be 


work 


lates precision is 


ndows are used in interferometri 


innel The requirements of coherence 
of plates that may 
! 


that Previously 


he thieknes be measured 


erferometers have been used 
An mterferometer arrange 
of 


optical path 


measurements 
opti ul 
limited 


for mensurihnyg homogeneity vlass 


and which ws not by 


Ces due to plate thu kness Is deseribed It 
from vibrations 
for this 
computation 


than that 


eater stabilitv and freedom 


other interferometers used purpose 


of 


results 
for the 


he interpretation ana 


omewhat more intricate 


in-Crreen type for imstance 


2. Optics of the Interferometer 


yptical arrangement of this interferometer ts 
! The as 


interferometer 


modification 
shown 


nh figure embly is a 
Dowell angle-gage 
2 This modification permits larger working 


Dowell arrangement 


in 


is available with the 
for 
spreading 


t| ut 
large 
eXCeSSIVO the elements It 
the ola angle of 
s permitting less foreshortening of the aperture 


mensuring 
of 
smatles 


essential specimens 


LOWS use inh idence 
» virnetting of the beam-dividing element 

lens L, see 
land 2 


from source S is collimated by 
\ consideration of two ravs of light 
a general description of the instrument 
neident on the beam divider, B, at P where 
des into two equal components I, and I, 
nent | taking 
mitted by B 
ng to B at point P 
eflected by B at P, traveling a 
from B to My, M,, M, and returning to B at 
\fter recombination at P’ the two components 
| are focused by lens L, at E where it is 
ed either the eve for visual observation or 
amera lens for photographic recording. Ray 
and 


the counterclockwise course 
mirrors \l NI " AY 


The other component, 


to and 


cloc kw Ine 


by 


vided at P’ into two equal components 2, 


& Watts, Lid., Lo 


omete » Wo (iilee 


Ith the 
travels the same 


4 Ray 2, travels the same route as Ll, but 


opposite direction 
bout 


whereas ray 2, 


Raves 
One half of each beam 


route as | also in the opposite direction 


’ ) 


and 2, recombine at P 
at EK and the other half returning 
If the aur through which the beams 
travel is assumed to be optically homogeneous, the 
although traveling different 
made to travel equal 
the 


is fon used by le his l, 


to the source S&S 


two components of ray | 
paths from P to P’, may be 
optical paths The order of 
field will be constant 
Z20eTO If the beam dividing surface is a chelectri 
this constant is presumed to be zero; if metallic, it 
may differ from zero by a small quantity that varies 
with the angle of llowever the 
differential phase-shift at the beam-dividing surface 


interference 
and heal 


over 


entire then quite 


incidence tks 
into the working equations of this 
the of interference will 
assumed proportional to the opticeal-path 
difference the two component that 
recombine lo produce interference 


does not enter 


interferometer ordet he 
to be 
bet ween beams 
or either of the three mirrors 
through P, (the 


and perpendicular to the plane 


If the beam divider 
shghtly 
of the field 
fringes will appeal parallel to this 


is rotated about an axis 
center 


of 
axis ol 


the drawing 
The order of interference imecreases 
the other side, and 
\ dark fringe 
that remains vertical or perpendicular to the plane of 
the center Vibrations which 


rotation 

on one si le ol ? decreases on 
remains zero at the center of the field 
incidence persists ut 
cause relative rotations of the interferometer elements 
only horizontal of fringes. The 
center of the central fringe appears fixed, regardless 


cause movements 
of vibrations 

The be distributed 
sous Lo proy ule ample working space for large speci 
mens that are to be located near a pont in the path 


interferometer elements must 


where the two wavefronts of a divided beam meet in 
their transit around the light cireuit This point will 
be half way around the cireuit from the beam-divid 
ing surface. The the 
which biseets the angle formed by its faces 
placed nearly normal to the divided beam 

Mirrors M, and M, are mounted to form an approx- 
imate right angle with each other and bound together 
into arigid unit. The 10-in. mirrors, used here, were 
mounted on separate tripods and the two tripods 
placed on a thick sheet of tron that could be moved 
All other elements could 


central plane of specimen 


is to be 


about the table as a unit 
be moved independently. 
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Fievcre 2 Do 


If the apertures of all elements are assumed to be 
equal and circular, the maximum working aperture 


is obtained with a minimum value for 6, consistent 


with required working space If @ is chosen too 
small, the mirrors will require excessive spreading 
\ croont COTRPPOTLISE between angle of incidence and 
working-space requirements is approx! 
mately by the drawing of figure | The alinement 
of the elements to obtain maxunum working aperture, 
is attamed by 
placing a bright source of light at S, with lens L, and 
the beam divider B in place The beam divide Is 
placed symmetrically with the cireular beam that is 


indicated 


for the chosen angle of incidence, @ 


transmitted by lens L, so that svmmetrical vigor 
Mirror M 
centrally normally \ p 
then into the 
more accurately adjusted to th 


is obtamed is placed to rece) 
ana 


beam 
“ ill 


reduced 
the 
hia 
of the lens 
through the center of the 


beam source 
now be 
The axis of the lens is adjusted t 
Mirror M 

as described above. is 
reflected from B 
approximately 45° to its normal 
improperly placed, relative to M 

at this stage of adjustments 


from M 


its normal 


ource 
ing a rigid unit with M 
to receive the leht centrally 
If mirros 

it may be corre 
It will then rece 
centrally and approximately 4 
the ne 
ments of the mirrors is to return the two compo! 
of any divided ray to a 
recombination and in such 
beams shall be coincident | 
if the two the anxtal ray are MN 
caused to intersect at M, by adjusting the direction 
of the reflected component by means of M h 

placing M 
center of tts face 
ol AY 
formed by the two incident components of the axy 
facilitated by 
arrow of 


beam 
The essential operation in 
common pomt on DB fo; 

that the two 
This will be accomplished 


Trieeeanet 


to receive these two components al 
and (¢) by adjusting the orientation 
so that the normal at its center bisects the angel 
ray These adjustments ure placing 
lead | 
with its point on the optic axis Ihe 
the 
The pots of the two shadows, one formed 
reflected bw the 
transmitted component of the beam, will coineie at 
all points f 


a pointed object, such as an 
close to lens L 
pencil projects a shadow along two collimated 
bears 
by the component and the other 
Is easily 

served by placing a translucent screen (a thin shee 
the bea 


This completes the alinement and preliminary ad} 


The degree ol comeidence 


of white paper will do) to receive two 


ments of the elements. Further fine adjustment 


satisfactory interference fringes, aren 


made at B 


obtain 

conveniently 

It will be seen that the components of a ray that 
divides at P’ travel the same path as those travel 
by the components of a ray that divided at P, but 
There 


un relationship between these two points that co 


opposite directions, and recombine at P 
PI 


not exist between either of them and any other point 


If a visible object is placed at any point in the pat! 
of either divided component of a ray from P 
two images of it are observed, one by light that rm 
combines at P and the other by light that recombine 
at P’, We will, therefore, define P as the conjuga 
of P’ and vice versa The order of interference, pr 
duced by the above-mentioned 
these two points are always equal in magnitude 
opposite in sign. The interference pattern ts, ther 
fore, symmetrical about a vertical line through 
center, one side of the field appears as a mirrot 
of the other, both with respect to interference fi 
markings on the surfaces of the plates, and objes 
in the path of the light 
If a sample of glass or other transparent m 
with that are approximately plan 
parallel is inserted in the beam at nearly norma 
dence, the fringe pattern will be altered, The: 


beams of light 


see fig >) 


surfaces 
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but of 
in the path ciferences 
und |’ 


in the number of 


at Vo wall be equal to the change at | 
wrth The 


component ray 


chan nm 
through points P 
ral to the observed change 
and P’. If the specimen ts of uni 


/ over the entire field this change in 


between P 
i} CHESS 
the Cifference 


of interference is a measure of 


the average index through the plate along the 

th If the difference in thickness of the plate 

for the two paths, the observed change in fringe 
a funetion of both Ad and Ap 

both Ad and An are appreciable 

two independent 


We 


relation ships be 


eneral 
rors need 
Vii, A 


0 compute 


and the observed orcers of interference 
value for either \ 
follows: It 


components ol 


second 
hip is found a noted 
wh of the 


reflection 


mav be 
rays | 
both externally and inter 


two and 2 
partial 
it the two surfaces of sample G, shown in 
normal to the bean 8, 
theu 
Four reflected 
from 


external re 


If these surfaces are 


elleeted component ray will return to 


: and P 
two resulting 


ve division points, | 
therefore, return to P 


i reflection in (i and two from 


J 
Rewar 
reflected rays may 


from Gs less of the thickness of G 


ternally be mace to travel 


paths that result in zero order of interference 
nay be accomplished by moving G_ parallel 


incitent beams, which increases the path of 


flected component and decreases the other by 


\/ and An are small, each of 
rmiay be ndypusted lo produce 

The true for the 
corresponding beams that return to P 


frome Gs 


an equal amount If 
the two pairs of beam 
interference of low order ame | 
after partial 
These 
They 


formed 


reflections internally and externally 


two sets of frinwes are inst parable we fig, 4 


mav, however, be eparated from the fringes 
by the two transmitted beams that converge to E by 
the sample G until the 


formed by leht 


two overlapping 
reflected by Gi 
sulli 
ciently separated from EF to permit sereening them 
from the brighter beam focused at E It 
shown that a small rotation of G does not affect the 
between P and 


rotating 
images of the source 
and tmaged also im the focal plane of le, are 


may be 


differences im order of interference 


the deviation ts equal for all beams re 
\ single set of 


two sets are 


P’ because 
flected from G 
desired but 


fr Wmgres is 
both 


reflection 
as the inseparable 


must be ace epted 


3. Definition of Fringes 


We have discussed the oriwin of four sets of fringes 
These follows TN) The 
interferometer form ke 
“transmission fringes” 


will be detined as “open 


fringes observed with no 


specimen in the beam, (b) the 
they are 


because produced by licrlat 


“oxternally 


so designated 
transmitted through the sample, (e) the 
reflected produced by lilt reflected exter 
nally by and (d) the “internally re 
flected lorlt reflected 
nally in the sample will be added another 
set that 
the “white-light 
source located near the beam divider 


fringe” 
the sample 
produced by 
To the st 
into the 


fringes” inter 


They ure ‘ 
extended 


enters discussions 


fringes” formed from an 
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3.1. White-Light Fringes 


ure nal 
nt small 


After the elements of the interferometet 
justed according to the above 
light glowing flashlight bulb, 
placed on the axis of lens L, or Le. and near the in 
cident face of the beam divided On looking through 
the optical train from the side of the beam divider 


instructions 


source such us a Is 


opposite the source. one sees two images of this heht 


By adjusting the beam divider one may control the 
separation of the two images of the light By this 
means they superimposed on 
each other 
tion shown 
position of 
by 


are made to appeal 
\ small telescope located in the posi 
l, 
these Hagges 
the transmitted component 
beam and the other by the reflected component 
\fter the two images are superimposed, white-light 
fringes should be visible when the flashlight 
placed with an illuminated sereen and the telescope 
Both eves 
separation 


in figure | permits closer super 
One of 


for 
Is 


these Hayes 


formed of the light 


Is re 
Is replaced by the eve of the observer 
are used if the aperture then 
Room illumination is usually sufficient for iluminat 
The sereen and the observer must 
to avoid ob 


exceeds 


ing this sereen 
be far enough from the beam divider 
struction of light between the beam divider and the 
mirrors through the obtieal train 
sees the white light fringes usually and at some 
arbitrary Further fine adjustments of 
the beam divider, whil fringes 
permit the operator to adjust these fringes, so that 


On looking one 
iin 
orentation 
observing these 
one fringe covers the entire aperture 

Best contrast is obtained in” the interference 
fringes that for making measurements, if 
the white-light fringes are parallel to the plane of 


are used 
figure | 
3.2. Open-Interferometer Fringes 


After the above adjustments the white sereen is 
removed and, with lens Le in place the eve located 
at E will observe a second set of white light fringes 
that are produced by a white souree located at S 
with the black or zero 


The separation of these 


These fringes are vertical 
order fringe at the center 
fringes can be altered by rotating B about an axis 
that is normal to the plane of figure 1. The con- 
figuration is svmmetrical about the central black 
fringe 

3.3. Transmission Fringes 


The open interferometer fringes of 3.2 above be 
come the transmission fringes when the sample is in- 
serted into the beam If the sample is smaller than 
the beam, or only intercepts a part of it, both sets 
seen simultaneously in adjacent parts of the 
field. The differences in the configuration of the 
open interferometer and transmission fringes are 
caused by changes in the optical path resulting either 
from variations in index of the sample, variations in 
geometrical thickness of the sample, or both. In 
order to isolate these two quantities the reflection 


are 


fringes must be considered, 


3.4. Reflection Fringes 


The origin of the reflection fringes have by 
above If low-order interference js 
obtained the paths traveled by the two compe 
of each reflected beam must be nearly equal 
The posit 


cussed 


adjustments for this are as follows 
the central plane of the sample is properly loca 
placing an object or light source between n 
M, and M 


both eves from a position between B and on 


and observing the two images of 


The correct position for the eentel 
specimen is half way between the two 
images. Its exact position is obtained | 
this object or hieht source along the beam unt 
two observed images appear coincident 
distant from the observer If the 
small to use both eves for stereo perception of 


lenses 
obs 
Vn 
or ¢ 


aperture 


tances, a telescope may be used as a range find 
focusing alternately on the two images 

The center of the specimen is to be placed 
the light is located and adjusted normal to the by in 
by observing the four images formed by light 
flected from the specimen and located in the fo al 
plane of L If the angle between the two surfaces of 
the sample Is small enough for this test to be appl a 
these images will overlap in pairs and two separate: 
double images will be observed. There will be othe 
images, much fainter than the ones mentioned her 
but these are due to multiple reflections in the spe« 
men and also reflections from the unsilvered surfac 
of the beam divider easily identifies 
and need no further consideration 


These are 
The width, ot separation, of the reflection fring 
are controlled by rotating G about axis that 
parallel both to its surfaces and to the plane of 
firure | Contrast will be poor if the specimen ts no 
correctly located If contrast it may b 
improved by moving G along the beam so as to ma 
the path difference between the component beam 


Is 


poor 


equal 
4. Symbols and Abbreviations 


The derivation of the working formulas for 
interferometer requires a considerable number 
symbols The definitions of these follow fig 
The quantities a, 6, ¢, and ¢ represent the optica 
paths traveled by ly, la, 27, and 2,, respectivels 
from B to G; d and d’ represent the geometrical paths 
traveled in the specimen by rays reflected from P and 
.. respectively >nand n’ are the indices of refractior 
along paths d and d’, respectively; F, and F,’ are thy 
orders of interference observed at P and r. respet 
tively, where »v=1 for the open interferometer 
fringes, v=2 for the transmission fringes, y= 5 
the externally reflected fringes and v=4 for 
internally reflected fringes; F,—F,’ = AF; d—d 
n—n’=An; and X is the wavelength of the spe 
homogeneous light used. 


(see 





5. Derivation of Formulas Vi, An, and (a+e—b—« Three equations selected 
from this set are sufficient to evaluate An if the spec 
der to apply algebraic operations to the men can be inserted into or withdrawn from. the 
on of an equation relating An to known beam without disturbing the relative positions of th 
es, we Ibust establish a convention for signs interferometer elements In order to read the re 
accordingly, define the direction of increasing flection fringes the specimen must be rigidly attached 
nterference at P to correspond to the chang and adpusted to the interferometer in order to avoid 
d by a clockwise rotation of the beam divides instability in the fringes during the recording Thi 
vertical line (perpendicular to the plane of may be affected with a small interferometer, but ut 
hrough the center of its surface That is, a was considered that forces necessary to hold a large 
n either 6 or ¢ increases the order at P and specimen would probably deform the table on which 
es it at P Likewise, an increase in either the elements rested The large specimen, however 
creases the order at P and decreases it at P does not have to be bound rigidly to the interferom 
s convention and the above definitions eter for reading the transmission fringes because 
om figure | that small rotations and displacements produce negligibl 
effects on the transmission fringes Consequently 
the term (a 4+«¢-—-b—e) may be held constant between 
readings of the open interferometer and transmission 
fringes and, therefore, eliminated from eq 10) ana 

1] vivir the equation 


\/ \/ 


The term (a+ ¢«—6—e). although differing shehthy in 
value between the time of reading the transmission 
and refle tion fringes, remains constant between read 
ings of the two sets of reflec tion frnwes It there 
fore, mav be eliminated from eq (4 and (9), giving 
the relation 


AF ,—Al 


On eliminating Ad from (12 }) and solving 
\n, we have 


\/ \F,)| 


6. Determination of Algebraic Signs 


If a light, steady pressure is applied to one side of 
AF, A=2\a 2H ) ‘d’ § the cell that holds the beam divider B, and in a 
direction that tends to rotate it clockwise, the path 
by definiti j An and d’=d— Ad, | length (@a+-e) inereases and the path length (b-+-e) 
An d d—nAd—daAn, approxi decreases That is, FY increases and FF decreases 
Therefore, Consequently Ak pus | 2 ,, ol i Increases 
algebraically according to the accepted convention 
nd—n'd’ dAn when this test is performed. These quantities are 
therefore, positive or negative, depending upon 
whether the rotational operation increases or de 
creases the quantity in absolute magnitude, This 
nAd --dAn permits the determination of sign to be applied to 
the observed AF,’s for insertion in formula (14) 
1 (nAd + daAn and consequently the direction and magnitude of 
the change in index between any two conjugate 

eliminating the Fy's from eq (1), (3), @), points on the specimen 

ret 


b—c+ Ad) 7. Identification of Fringes 


nad +-dAn) (11) The identification of the /) (open interferometer 
fringes and the /, (transmission) fringes are obvious 
lations (4), (9 10), and (11) form a set of | The F; (external reflection) fringes and the /; 


quations with the three unknown quantities | (internal reflection) fringes move quite vigorously 
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for small movements of the specimen. They move 
together, however, and are not distinctively identi- 
fied one from the other without further tests 

If a small piece of black paper (shown in fig. 4 
that is coated with petroleum jelly or other material 
having an index of refraction closely approximating 
that of the glass is applied to one surface of the 
specimen and in the light beam but away from the 
chosen fiduciary reference points, it eliminates both 
and external reflections from the 
It also eliminates internal reflection from 
other specimen 


internal area 
covered 
that part of the 
opposite the coated area, where the papel obstructs 
the beam. Consequently, the /; fringes will appear 
in only one of the two conjugate images of the paper, 
and the F, fringes will appear in neither image 
Identification is thus effected 


surtace of the 


8. Choice of Reference Points 


The choice of reference pomts dep nds upon the 


nature and extent of the data wanted If the re- 


quired information is limited to the average gradient 


between two chosen points and the separation Is 


less than or equal to the horizontal diameter of the 
interferometer aperture, then the specimen is placed 
a0 that the two chosen points are conjugate to each 
If the separation of the two points exceeds 


other 
the aperture 
measured in steps 
that may be made conjugate in pairs, and data are 
taken for the differences between all adjacent 
points The algebraic sum of differences 
equals the difference in index for the extreme points 
If the variation in index gradient between two 
remote points on the specimen is desired, then a 
larger number of reference points are chosen between 
the two limiting ones. If the reference points are 
chosen equally spaced and on a straight line (or on 
the are of a cirele), any number of points may be 
used with relatively few shifts in position of the 
specimen. ‘To illustrate this procedure, we will 
choose the spacing between the points to be slightly 
less than one-third the horizontal diameter of the 
interferometer aperture (see fig. 5 That is, 
points 1, 2, 3, and 4 may be adjusted in the beam 
so that point 1 is conjugate to 4 and point 2 conjugate 
to 3 Figure 5,A, shows the reference points and 
the observed mirror images. With the specimen in 
position A’, values are found for An,, (the differ- 
ence in index between points 1 and 4) and An, 
The specimen is then shifted to a new position B’ 
(fig. 5,B) such that point-3 becomes conjugate to 
6 and point 4 conjugate to 5. Figure 5,B, shows 
the apparent position of reference points. Values 
for Ang, and An,,; are then obtained. The specimen 
is then shifted to position C’, where point 6 becomes 
conjugate to 7 and 5 to 8. This procedure is con- 
tinued until all points are covered. We then 
have the following data: An,,4, observed directly; 
An, Ani 4+ Any An s=An5+Ans<; etc., Any, 


then the total index variation must be 
Intermediate points are chosen 


the se 


SPECIMEN G 


directly; Any An An,,, ete. The 


observed 2 
values represent the index differences between 
two points of the group 1, 4, 5, 8, ete., and similarl 
for group 2, 3, 6, 7, ete. The data for either grou 
is sufficient to determine the variation in ind 
cradient along the line of reference points A cu 
relating n to the position coordinates of the pou 
may be obtained for either set of points if n is know! 
for one point in each group. The two curves n 
be superimposed upon each other by adding a cor 
stant (determined statistically or otherwise) to a 
n-values of one set or an additional setting may 
made to determine the difference experimenta 
By placing the specimen so that reference po 
2 becomes conjugate to 5 and 3 conjugate 
position E’, fig. 5) we may obtain An,,; and 
These values, together with those already obta 
permit a determination of index differences bet 
any tow of the chosen reference points. If 
points are desired, they may be inserted betw 
the above specified points and other sets of dat: 
obtainable for more detailed values of index grad! 


‘ 





9. Reflectivity of Surfaces 


der to obtain good contrast it is essential that 
o component beams that produce interference 
qual flux. In this interferometer the reflec- 
ransmissivity ratio of the beam-dividing face 
ot affect the contrast of the two sets of reflee- 
inges because the beams are affected equally, 
flection and one transmission being suffered by 
Consequently, because the reflection fringes 
nt relative to the other fringes, maximum flux 

is desired and obtained in these by making 
flectance of the beam divider equal to its 
ittance. Fortunately, this ratio is that re- 
| also for maximum contrast in all othe sets of 
. The reflections of the end mirrors have no 
on the other fringes due to equality of effects on 
ums that combine to produce them. Thus, by 

the reflectance of the beam divider equal to 
insmittance, Maximum contrast is obtained in 
white-light, open-interferometer, and trans- 
yn fringes and maximum flux density in all sets 
ges. The fluxes of the component beams that 
either set of reflection fringes will, however, be 
ial if the reflectance of the three end mirrors are 


1 maximum as is done for most other types of 


interferometers These should be equalized by 
reducing the fluxes of the stronger components to 
that of the faintest. Thus, if the maximum re- 
fleetance obtainable is 90 percent, mirrors M, and 
M; should be given this maximum reflectance, and 
mirror 1 should be given a reflectance of 81 percent 
1. e., 0.907 This will reduce the flux density of all 
other fringes proportionally, but they are so much 
brighter than the reflection fringes that no real harm 
is done 


10. Conclusions 


This interleromete! permits accurate measure- 
ments of lateral variation of refractive index in 
transparent bodies of almost any thickness. It has 
been used quite successfully to measure index 
variations in glass blocks up to 5 in. thick and disks 
up to 27 in. in diameter. This interferometer does 
not require the use of narrow spectral lines such as is 
required for observing high-order interference, but 
any spectrally homogeneous (monochromatic) light 


source is usable 


WASHINGTON, Mav 11, 1954, 




















D. de Klerk! a 


stallation for Adiabatic Demagnetization Experiments 
at the National Bureau of Standards 


nd R. P. Hudson 


A cle | given of the National Bureau of Standards equipment for the produetior 
ind measurens of very low temperatures by the method of adiabatic demagnetization 
Phe construet oft ervostat and that of tl mutual-inductance bridge are deseribed 1 
detail and rie il ndvantage of tron-cored cleetromagnet ind iron-free olenoid mre 
tine od 
1. Introduction isothermally) and demagnetized under thermal 


ecent years, with the rapid increase in the 
er of low-temperature laboratories throughout 
wld, there has been a coincident growth in the 
er of installations the production 
rement of very temperatures by 
method. In the period from July 1951 
an adiabatic demagnetization apparatus 
et up at the National Bureau of Standards. A 
d deseription of this installation is given It 
built with the special purpose of making accurate 
of absolute in the 
and O0.001° K, but the construction 
ch that other investigations in the region below 


to 


for 
low 
el 


’ 
) 


Qs 
t¢ 


minations temperatures 


on between | 
K can also be performed with it 


2. General Description 


rh 


on Was enunciated in 


adiabatic demagnet 
1}? and first applied 
ecessfully \ detailed deseription 

the physical principles involved would not be 
ppropriate here; for this the reader is referred to the 


principle of cooling by 
126 


) 


‘ 


7 vears later 


iture [3]. Briefly, however, use is made of the 
{ that certain salts retain their paramagnetic 
operties down to temperatures in the region of 


K and possess, al liquid helium temperatures, 
entropy irtue of their almost free elec 
magnétic moments This entropy may be 
oved for the greater part by isothermal magnet 
at 1° K in readily obtainable fields 
ibsequent adiabatic removal of the field will 
ilt in a fall in the temperature of the salt, until 
small internal interaction forces in the crystal 


! 


irae by 


oni 


tion about 


the same degree of order as does the 
ong magnetic field at 1° K. It is self-evident that 
nal temperature is the lower, the stronger is the 
whetic field and the lower the starting tempera 
ture In fact, for most the used in the 
abatic demagnetization process the entropy re- 
moved in the isothermal magnetization is a function 
H/T 
Thus one needs a suitable paramagnetic salt in 
ostat with liquid helium of as low a temperature 


about 


i} 
i 


of salts 


it 


possible, and mounted in such a wav that it can 
magnetized in heat contact with the liquid 
University of Leiden, Netherlands, 
bracket vdieute the re references at the end of tl paper 








insulation (adiabatically 

The eryostat is located between the 
electromagnet the of 
solenoid. With an iron magnet one can obtain fields 
of the order 20.000 oersteds, making use of the 
high B value of the iron. If much higher fields are 
required (up 100.000 oersteds 
of iron is relatively small and high-power tron-free 


poles of an 


or along wXIS a high-power 


the contribution 


a) 
solenoids are used. The encrgy consumption im the 
case of an iron magnet is of the order of 25 kw: the 
above-mentioned solenoids require about 1,000 kw 

In order to obtain a low starting temperature for 
the the liquid) helium ts 
evaporated under reduced pressure 
plished by ol large capacity 
vacuum pump operating through large-diameter 
pumping line. A suitable diffusion pump inserted 
in the system may bring about a further reduction 
in the vapor As mentioned the 
entropy removal in the isothermal magnetization is a 
funetion of 77/7, and it is a more economical process 
to achieve TY’ rather than an enormously 
high // 

The heat contact between the salt and the liquid 
helium bath is made and broken with the help of 


demagnetization process 


This Is acco 
mechanical 


Thieans t 


pressure above 


au very low 


exchange gas: The sample is mounted in a vacuum 
space, and during the isothermal magnetization the 
space is filled with heltum gas at a pressure of 107° to 
10°? mm Hg. Thereafter the gas is pumped off with 
a diffusion pump and then the field ts removed \s 
the specimen is now thermally isolated from the 


surrounding liquid, the demagnetization is tsentropi 
and the temperature of the salt falls 

The final temperature, which is well Io kK 
cannot be measured by conventional high-tempera 


below 


ture methods, but indirect processes must be applied, 
1], in which use is made 
of the magnetic properties of the salt, such as the 
static susceptibility x, the real and imagimary parts 
f the dynamic susceptibility, x’ and x” in the 
case that hysteresis effects occur, the residual mag 
netic moment These quantities, the 
“thermometric parameters’, are usually determined 


Both self- and 


often rather laborious ones 


, oT 


so) called 


by an induction bridge method 
mutual-inductance bridges are im use, and the 
measurement can be performed ballistically as well 


as with alternating current. An a-c method has the 
advantage that many measurements can be taken m 
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Dut ballistu 
t! very 


uselul a rT 


with high 
particularly 
lowest temperatures where relaxation and 
elTeets 
field 
alt 

If an 


mist by 


a short time and precision 


methods become 
hvsteresis 
alternating mag 

ppry 


Since here an 


appear 


may catise an appreciable heat 


iron-cored magnet ts employ a provision 


made for the separation ol he ervostat and 


clectromagnet tnmmediately after the demagnetiza 


tion because the tron may have a considerable imiflu 


maduction Drieiore lol bie 


of the 
determination If the 


small, it is possibli to 


ence on th setting 


temperature navnet 


tively have a ervostat ma 


fixed position and to mount magnet on wheels 


or an elevating mechanism, but for a verv heavy 


magnet this is impossible, and the eryostat with its 


pumping lines must be movable If a solenoid mag 


used its 
smatler 
between the 


influence on the nauction 
bart this 


net coils Is 


much even im case the coupling 
wind 


efTeets 


eon 


ouNXxial 
rable 


adopted uv the 


measurme coils and the 


ings of the large solenoid produce S trict 
unless Spar ial precautions are 
struction of the 

It is often desirabl 
ties of the salt as 
fields up 


Mmecasurinyg coils 


to studv the magnet proper 


a function of a magnetic field, and if 


relatively low to about 500 oersteds) are 


sufficient, it is advantageous, for the above-men 


tioned not to vse the bois clectromagne ol 


rensoris 
itself 


col macnet 


construct a separate srrall 
The 


the 


solenoid but to 


Iron-tree imfluence of the coupling 


ol this 
at ( reased 


with measuring’ Cots at bye 


ally by 


IMnachet 


crasti mounting them 


perpendicular 
magnetic field has 


In some cases even the earth 


a noticeable mfluence on the macnett 


the salt 


properties of 
and then special earth-field compensation 
installed 

The components of the new 


coils ritist by 


NBS demagi 


tization 
quipment are described separately in the following 


“cTIOns 


3. Electromagnet 


The electromagnet is a rotatabl adjustable 
hemwht model [6 The pole yap 


small as possible was determined by the amount of 


which must be as 


space to accommodate a salt specimen ol 


about l-in 
ber and two class Dewar 


hecessary 
n vacuum cham 
thy 
which contains liquid helium and the 
The and the pole face 5°) 1n 
Designed to bye level ol 
the nagnet 
the available d-c 
magnetic field is not 
rapid saturation that sets in at 
25 kw the field is 23,000 oersteds: at 
26.000 oersteds 


diameter surrounded by 


vessels inner one ol 
outer liquid 
nitrogen gap is 2% in 
125 kw 
at 25 kw, the 

The loss Hh 
owing to the 

20 kw \t 


125 kw it is 


operated up to a 
is being used at present 
rating ol reneratol 
vreat however 


about 


The magnet was calibrated, using 
checked in turn in fields 
through the kind 
cooperation ol By Hipple The accuracy of this 
instrument is one-half percent, and within 
this limit the field was found to be uniform out te 
within 1 in. of the edge of the pole face 


a Rawson “‘gaussmeter”’ 


stabilized by proton resonance 


about 
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svnehronous 


magnet is energized by a four-unit 
mounted 


Labor 


the con 


motor-generator set 
basement of the Bureau’s C 
This method has the advantage that 
current 


ryvovenics 


and the action o 
protection fail 
supply current 
ete can take place through the exciter field 
started with a motor-control pane 


control of the magnet 


devices (against, for instance 


cooling overload surge on 
renerator ts 
the current is adjusted at a separate exciter-cor 
pane! Both panels are placed in the Inagnet 
The current is measured accurately by mean 
millivoltmeter and a series of 50-my shunts 
Several automatic control circuits have been d 
oped for the elimination of slow drifts in the ma 
manual na 
satisfactory \ 
the ripple 


has the commutator 


current [7], but in the present case 


ment proved to be more sf 
in the nie 
current, which Irequeney 
the ripple in the field Is large it will cause relaxat 
heating in the paramagnetic salt during the eva 
tion of the exchange gas, such that, bv the time t} 
the field is removed, the starting temperature of t! 
much higher than that of « 
For any frequency above a fi 


source of trouble may be 


demagnetization is 
liquid-helium bath 
hundred eveles per second the solid mass of trot 

the clectromagnet becomes ineffective and the on 

choking effect is due to the self-induectance of th 
which is generally quite small. But, on th 
hand, in the contribution of the ripple curret 
magnets field the iron 
reason why 


coils 
other 
to the 
and this is one 
influence of the ripple voltage of the renerator or 
the field Another is, of that 
the windings are generally quite far removed fron 
the pole rap and the direct effect of the current is 
small 


is ineffective as we 
in most tron magnets the 


Is negheible cours¢ 


The ripple voltage, with a load current of 100 amp 
d-« 2 v at a frequency of 2,400 c/s (commutator 
ripple From the values of the self-inductance at 
y—2,400 and 0 and from the initial slope of th 
calibration the magnet, it 
that this ripple voltage might cause a ripple in th 
field of not over 0.04 oersted No ripply in the field 
could be detected by means of a search coil connected 
to a cathode-ray oscilloscope It should have been 
possible in this way to detect 0.1 oersted at this 
frequency With respect to the ripple, an iron 
magnet advantage over an tron-fre¢ 
high-power solenoid. In the latter the ripple voltag: 
is higher because a higher energy is used, and mor 
over the contribution of the ripple voltage to the 
field is larger because the windings are much closet 
to the field space than in the case of a Weiss-typ¢ 
magnet. Usually, special precautions must be taker 
to filter out the ripple current of a solenoid magne 


Wiis 


curve of was estimated 


cored has an 


The magnet is cooled by circulating a low viscos 
silicone oil through the coils and through a ly 
exchanger, the heat being carried off by means 
tap water. The heat exchanger and the circula 
pump are mounted in the basement just below 
magnet, but the circulation started 
stopped from the magnet room 


can be 











Movable Cryostat and Vacuum 
Installations 





rvostat, consisting essentially of two coaxial 


Jowanl vessels. is mounted on the far end of a 


wooden framework that pivots by means 
collars, on a vertical steel pillar Ihis 
wk carries the entire high-vacuum system 


which enters the 
whole installation 
vertical cross section of 


n. copper pumping line 
' brass ervostat cap Ihe 
inf 
mtat im given in figure % 


gure 1, and a 


nner Dewar vessel (liquid helium) is fitted 

ipper end in a brass ring held in place by 
VaiN The ring fits smoothly into the ervostat 
the wooden arm and thus alines the Dewar 
ly \ wired-on rubber sleeve provides vacuum 


sana helps sup] ort the weight of the ervostat 
around the 
it also is provided with a brass 


ter vessel (liquid nitrogen) fits 
helium Dewar 


ch fits into a brass cap waxed to the outer 


he 
hi 





demagqnetizatior 


‘ ‘ t Isp ed he emi of the t 





palpruent 





wall of the helium Dewar Chis ring is also a close 


fit im its cap and with a rubber sleeve over this 
joint, too, the weight may he supported; for extra 
sufetv. however. a simple harness of string | pro 


vided 
The walled 
20 em trom its uppel end and about 10 em below the 


helium Dewar becomes single about 


nitrogen cap If the nitrogen Dewar is kept well 
_ nN . 41GH 
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FIGURE 





filled, the rim of the helium vessel ts at liquid-nitrogen and 0.5 em of mercury, a similar oil manom: 

temperature, and the heat leak to the liquid helium | construe ted. Lower pressures are read wy 

is smaller than if the rim were at room temperature. | help of a small MeLeod gage with a wide ea 

Hence the evaporation ts less and experiments can It Is Sensitive im the revion between land 0 

be carried out for a longer tithe of mereury The whole manometer assen 
The two Dewar vessels are made with a narrow shown in figure 3 

lower pertion (the ‘tail so that, although con The high-vacuum system as a whole is my 


taining a large quantity of refrigerant, they may fit | on the rotating arm and follows the movem, 


into a relatively small pole rap) in the magnet The the eryostat It consists of an oll diffusion 
tail of the liquid-helium Dewar is 33 em long and capacity 20 liters/see), a spherical Pyrex lig 
2-cm inside diameter: it then widens to 7-cm inside trap, and a valve system A side tube pern 
ciameter for 43 em up to thre ring’ s¢ al thre single admission of exe hange vus to the experupental ‘ 
walled section (20 em long) is S-cm inside diameter ber directly from the ervostat (see fig. 2 1) 
The tail of the nitrogen vessel is 5.45-em outside | in the region between | and 10~* mm of Hg ar 
diameter, the tolerance between a poli face and the ured by means of a Pirani-gage, and lower pre 
vlass bemg only 0.5 mm The wide part is 5S em down to 10 mm) are read with an On wave 
long: the outside diameter is 11.5 em When the ervostat is between the eleetrom: 
The nitrogen Dewar cap is provided with monel poles or in the ev th’s field compensator, it is 1 
tubes for the admission of liquid nitrogen and escape held in position by means of locking clamps o1 
ol Vapor ive monel tubes Puss through the helium beam which are provided with n screw for as 
Dewar cap. One accommodates the transfer syphon adjustment lig. 4 
and may be sealed off after transfer by a plug and a 
rubber sleeve; glass tubes pass through each of two 
others sented in by black wax for connection be 
tween the experimental apparatus and the high 
vacuum system: the remaining two, which are much 
narrower, provide the connection to the manometer 
system and an inlet for the leads to the coils of the 
mutual-induction bridge 
The rough-vacuum pump (capacity 50. liters se 
is located im the basement beneath the ervomagnett 
laboratory It is mounted on vibration eliminators 
because even the enerev of small vibrations of the 
erTvostat is sufficient lo develop anh appre iable 
amount of heat in a demagnetized sample [S] \ 
vertical 5-in. copper line passes from a short length 
of flexible steel tubing at the inlet to the pump to 
the room above and Is surmounted by a 3$-1n globe 
valve: the latter connects through an. shaped 3-10 
inside diameter reinforced flexible rubber hose to the 
}-in. copper line, which is mounted on the moving 
arm The arm is then free to rotate about its sup 
porting pillar without interruption of pumping the 
bath, and the vibrations of the pump are not trans 
mitted to the cryostat. Asa final step in the suppres 
sion of vibrations, a large sandbox was built around 
the 5-m. line and valve in the upper room. The 
ervostat can be conveniently swung out of the mag- 
net and into the framework supporting the earth’s 
field compensation coils, which may then be raised 
Into position (see section 6 
The temperature of the liqiud helium in the eryo 
stat is derived im the conventional way from its 
vapor pressure. A system of three manometers 
was constructed: First, a mercury manometer; a mil- 
limeter scale engraved on a glass mirror was mounted 
directly behind the tubes of the manometer and 
permitted readings of pressures in the region between 
| atm and 5 em with sufficient precision without the Mounted on the framework, from left to right 


bubbler mercury manometer litferent 


use of a cathetometer For the region between D eter. and MeLeod gage 


Fiaurre 3 Vanometer 

















5. Experimental Chamber 


vetisn torn tte demagn tlion 


experimen in 
ly the temperature and magnett properti 
iit itself are investigated, the apparatus 4 
v simpl It comprises 9 paramagnetic salt 
mounted within a vacuum ease and ther 


olated from the walls as effi ently a po iol 
mv be achieved by suspending the specimen 
nvion fibers or mounting ito im an ‘ 
xed to the lowel end of the vacuum case by 
maliv msulating prorale tal The Vacuui cose 


rryancte either of metal or of 


crlass Glass 
alwavs preferable to metal because the 


mparatt ! 


ra 
undesirable 


| r can cause lectromagnetic effects 
Ineasuring equipment through the agenev of 
y currents and, on oceasion ferromagnetic mm 
purity \ metal apparatus is more convenient 
howeve for rep ated assembly and dismantling 
In this case the tubing should be very thin-walled 


and of high electric resistivity nonmagnetic material 
Finally, the ‘* leanup 
i markedly 
than metal 


of exchange gas on pumping 


more rapid when glass is used rather 


In this apparatus the vacuum case is made of 
vlas Soft glass is used to avoid the possibility 
of heating (and so seriously damaging) the salt 
during assembly Some paramagne tre salts lose 


ther water of crystallization even at 25° C 
The Pyrex of the high-vacuum system is joined to 
the soft-glass tubing emerging from the eryostat cap 
by means of a tapered joint (see fig. 2 If the 
egg-cup type of specimen support is used, the ped 
inl may be of thin-walled tubing with an 


ra-thin midsection 


wlees 


The pumping tube emerging from the vacuum 
CASE s bent as shown in figure 2 to provide radiation 
traps. With the sample mounted inside the vacuum 


the whole apparatus is silvered externally to a 
( t above the traps and a 
Ol uitable varnish = is applied 
ning precautions are of 
unimizing the heat 
demagnetization 
ing is with 


protecting coating 
The 
paramount importance 
influx into the specimen 
The glass tube above the 
whole 


radiation 


coated over its 


aquadag 





177 


cone of room 
into the first 
the mutual inductance 
tube 


pecimen and covered with a wrapping of 


mall 
penetrate 


that only a 


temperature 
The 


mit below 


length sO) vers 


radiation can 


coil of 


trap econdary 
around thy 
very thin 
electri il 


laver 


wound on to thre 


paper C‘are must be taken to avord 
lonk 
Ih 


powder or a inh 


from the lead quaday 


paramagnetic salt may be in the form of 


le ervstal In order to be able to 


caleulate the internal field of the specimen, it should 
bye spheri il or ellipsoidal Not only 1 heating 
dangerous for the salt, but also pumping may eause 
lo of water of ervstallization expecially if the 
ninpl l hh powdered form Ihe experumental 


chamber must never be evacuated at room tempera 
ture eVactintion 1 sale however, at 


below O° ¢ A single-ervstal 
bye protected by a coating of 


Lethiperature 
pecinen thie 


Varn hi collodion ale 


6. Earth's Field Compensation and 


Auxiliary Field Coils 


The 


of iron o1 


strictly free 
built 
brass-tubing 


nee ary apparatu which is 


other magnetic material, was Inte 


one unit and is mounted in a fram 


work By means of counterweights and supporting 
cables over pulleys, the unit, weighing some 1S80-Ib 
can be conveniently raised and lowered to permit 
movement of the ervostat (see above) into and out 


of the field 

The earth's field COMPeCnsatlon bs effected by mean 
of three perpendicular 
coils, the units of each pat being separated a distances 
of 0.55 times the side of the square, which is a 
“pseudo-Helmholtz” condition for maximum uni 
formity of field at the center of the unit The 
windings are set in peripheral slots cut in wooden 
the current in each of the three pai 
which are fed from a common accumulator 


pairs ol mutually square 


frames, and 
ol coils 
is controlled through a rheostat and read on a 
small d-c milliammeter. The 
secured together at then points of contact by small 
right-angle brackets and screws \ 
flip coil and ballistic galvanomete reireuit is used as a 
field, and the currents are 
adjusted to reduce to zero each of the three com 
ponents ol the field at the center 

The 500-oersted 
wooden cores between end plates of Bakelite They 
are made in pair just far 
enough apart to a commodate the tail of the ervostat 
and the larger pa approaching close to the w alls 
of the ervostat where it widens. The end-plat 
of the larger pair are and %-in. threaded 
brass rods pass through holes at the corners. These 
rods are fitted with pulleys at each end, and these 
guide the assembly along the vertical members of 
the supporting framework The smaller coils are 
holted to the large ones, and the end-plates of each 
coil are held by bolts passing through the 
These bolts must be sufficiently strong to withstand 
the large during the winding In 


wooden frames are 


brass wood 


detector of magnetu 


coils are wound on eviindrical 


two sizes, the smaller 


square 


Cores 


strains set up 








each pai the eoul 
to thy 


ren onably 


nre eparated by moa 
thre 


uniform field at 


tance ¢ 
to obtam a 


Mh 


, 
(jue 
winding 


mean radius of 


eentel Hssetn 
rure 5 

dletaal i 
windin | 


bly 4 hown un fi 


Mhe 
cou Ie 
| oordine 
the 
calculated 
ni 
ofl 
ale 


oersted 


constructional 


wh 


wire resi 


follow Lara 
No. 14 race 

tlated field 
oersteds amp 
ature ‘.2 


winding | 


re 
OSO turn 
tance LOS ohm 
parallel 1D 
ol ol 
Small coils 
16 gage Forme 


i 
the two « 


lat two cou inh 


initial rate rise ten 


be ve ly 


ale triinh inp 


No 
tilated field fou 
ile 


min at & 


SSS turn resistances 
1.7 ohms: « 
4 7h 
ol 


ith parallel 
mp; ilnted oon 
temperature S.4 
The 


parallel manner and fed f 


dey imp 


coil ire connected in oa svmmetrical 


battery ad-« 


Wwe 


Serie 
rom 
In 
1) int ised 


a double 


ipply 
nivinw 32.5 
of 
bye 

switeh 


be able 
for this 


oersted amp reneral. t ouree 
and LOO Vv, re 
selected bry 


Kor 


fo va 


Oy which may 


double 


pective 


nti ol pol 


The throw 
Inst to 
rv the ield in predetermined steps and 


Ineanstirement if convenient 


a panel was constructed to carry a network 


tHi-oeT 


led 


resistors \ rotary 
the front of the 
or out of the resistors 


ol ohmuite 


mounted 


“tt le Clo 
on panel 


peri 


eutting wu SUCCESSION 


second rotary selector switeh 


thre 
-1 


permits one 
eurrentl 
ninmeters 


nhneve on one 


appropriats 
l-<« 


redues 


ol othe 
rare 
To 

connected across 
that the oper 
energy stored in the coils may be dissipate: 
circuit the thvratron instead 
switch contaets 


contact sparking i 
the 
Thin 


thy: 
in ig 


small 


coils shown 


when eireuit) breakes 


Is 


close al by 


thre 
The control panel Is 


now 
park iCTOss 


how 1 


$$ SSVIo—_—_ 


~ 


— 











Figure 7 turiliary-field control unit 


rhe main panel contains the 
tats for adjusting 


ontr for the Line w 
three rheo the current 


n each of the earth’s-fleld 


een at ther 











7. Mutual-Inductance Bridge 





bridge is of the 
Op\ of the one used for the demagnetization 
n the Kamerlingh Onne Laboratory [10 It 
i ed both for balli ti 
mentioned, the 


Hartshorn type [9 md isa 


Ti Ihneasurements 
i already a-c method is the 
convenient one \ highest precision Can i 
od by it and more measurements ean be taken 
1 tire moreover, at thre lowest temperatures 
hysteresis and relaxation phenomena Oceul 
information on the hes 


ridge rives valuable { 


ttion by the salt from the alternating magnetic 


| 


On the other hand, this heat may rive rise toa 


ming up of the sample, and henee, when 


irements are required nt constant temperature 


listic method must be preferred in this region 
the latter, moreover, data can be obtained on 
emanent magnetic moment and the shape of the 
| resis loop 
2 hematie diagrams for both the a-e and the bal 
| breodves are given in figure SS. a and b _ 
ents the paramagnetl salt surrounded by the 
| ry and secondary windings of a mutual indue 
{+ 
SG x 
“TTT Ailiia. wal ee 
M @S M Rs M @S 
AIA | TTT 
| 
l . ay | A 
B BG 
VG 
44 (a) (b) 
~~ x Scher fine 


riaure 0 Direct rent power ipply circu 


elector switch; A, ammeter it 4, Switches for ste; iriation 








tunes \l This is connected in series with a vari 
ube mutual inductance \l 
cireuit In the ease of the 
eireunt is fed from a low-frequeney 


inal renerator i) thee 


provided by the bricdoe 
¢ bridge the primary 


nbout BOO « 


detecting deviee being a 
vibration valvanometet VG preceded by 
lier, A The mutual inductance, M,, os 
variable so that exact compensation ol \l Is 
VG being used as a null deteetor If a-c loss 
nS, these will give rise to a phase shift in the se« 
voltae of \l Now thi 
resolved into two compone nts, of which only one can 
be compensated by M The 
which is in quadrature with the voltage of M ana 
henee im phiase or -SO 


ni amphi 
continuously 
po sible 
Occur 


ondary voltage can be 


other component 


out of phrase with the pri 


ary current can be compen ated by taking off 


nu small voltage from a potentiometer, R, in the pri 
ary circuit Zero deflection of VG ean only be 
obtamed if both M ind Rare et to the 


value 


correct 


For ballistic measurement 
fed from a storage cell >, © 


the primary eireuit 
with a combination of 
switches and adjustable resistor In this case only 
larger dials of Mo are used, and My, is only approxi 
mately compensated by Ni The 
the magnetic moment) of S is now caleulated from 
\l anal the re ilual deflee tion of a ballistic 
nometer, BG In this case the resistanes KR. is not 
needed in the epee tit 


usceptibility or 


valve 


The a- and ballistre bridges are boul Intooone net 
work The transition from one te the other « in be 
made inoa few seconds by witehe 
SG is then replaced by the storage cell, VG, and A by 


BG, and R is switehed out of the eireuit 


setting Opti 


The following are short ce eription ol thre eparate 


components of the bridge network 


The a-c power supply consists of a commercial 
nucdiofrequencey ivnal reneravolr The req uene ys 
ean be varied between 20 and PO.OOO « but ven 


erally frequencies of a few hundred eyvcles per second 
tandard fre 


between two of the 


are used Tr the present work the 
quency 1 210 e's, just 
o that 


as small as pos ible 


harmonics disturbing influences from. the 


mains are At the rated power 
than 
read on & precision rmoilh 


different 


output of Ow the distortion of the signal is | 


The current 


| percent 
ammeter, with a set of internal shunts fo 
ranges 

The dl ¢ powell supply Is shown diagrammatic ally in 
figure 9 With the dp-dt switeh, D 


batteries (2 and 12 v) may be 


either of two 
storage selon ted 
Ballistic susceptibility measurements are performed 
by reversing the primary current through M, and 
M. by means of D Measurements of hysteresis 
loops can be made by switching the current on or 
off in six approximately equal steps with the help of 


If a-c lows f the above-mentioned kind occur. the magnetic beha 
iit can be described by mean A COTE pe iscepetibilit yx ix where 
x tw nductive component ‘ es rise t « part of the magnet ! met 
} mpensated t M nd x thy tive component can be compet 
lbw R since the heat absorpt , econd from an alternating magne 
f ! jual h x i ‘ h vn plitude the fleld ! t 
! } 1 at we from the ilu K be t! iletula " ! t 
tude and pl both Meand Ra " lewd 
ed that sy] i nthe t ! ' i t 








s If only the remanent magnetic moment 

of interest, the current is made and broken by 
This can be done in both directions by revers 

ing DD... when S; is open The current is read on the 
ernal 


precision milliammeter, A, with a t of mt 
shunts for different ranges 

The primary coil m the mutual inductance, M 
eonsists of one laver of No (0 double-silk covered 
enameled copper wire wound onto the tail of the 
liquid helium Dewar and hence tmmersed in_ the 
lieguina nitroven see fig 2 The st ondary coll Is 
wound in three scc tions om the mitside of thre 
VACUUID Case The center section surrounds the salt 
specimen and consists ol several hundred turns of 
No. 42 Formvar-enameled opper wire Formex) the 
number being the greater, the weaker ts the para 
macnetism ol thy salt nine the smaller thr size of 
the sample The retnhatining two sections are wound 
above and below this um the opposite direction at a 
separation of about | em, each containing half the 
number of turns in the center windin With this 
arrangement ol coils the mutual inductance of the 
whole set will be zero until the salt is placed within 
the center winding Thus at high temperatures 
wher Xx is very small the briclore nay bye balanced 
at a low value of M As both the primary and 
secondary coils are at a low temperature, their re 
sistance is low, and this is advantageous for the 
stability of the bridge 

The mutual inductance, M,., is mounted on the 
measuring table, of which an over-all view is given 
in figure 10. Different equipment is used for a-<« 
and ballistic measurements 

The a- part of M, consists of three units The 
main unit is variable up tos mh in steps ol about 
} uh, the variation being made by switching the 
turns of the secondary coil in and out of the circuit 
by means of a three-decade dial system The see- 
ond unit, the so-called “tenths of turns unit’, con 
sists of one decade, each setting being equivalent to 
one-tenth of the smallest unit of the main mutual 
inductance. The third unit, the “variometer’’ is 
continuously variable and is a fine adjustment on 
the foregomg one 

The primary coil of the main mutual inductance 
comprises two parallel solenoids wound in opposite 
directions and connected in series They consist of 
one layer of No. 20 Formex wire, wound on eylin- 
drical ceramic formers, 40 em long and 4-cm outside 
diameter. In order to reduce the capacity between 
subsequent turns, a aylon thread of 0.3-mm. thick- 
ness was wound between the turns of the copper 
wire. In order to prevent the accumulation of 
moisture between the windings, the solenoids were 
vacuum-impregnated with mi rocrystalline Wax and 
covered with oil tape before the wax had hardened 

Bakelite bobbins fitting closely over the primary 
solenoids carry the secondary cou The latter is 
wound from 10-strand cable made up from No, 30 
double silk covered enameled coppel wire as de- 
sf ribed below Three coils are wound ona by »bbin. 


one hia " 


turns, an 


low nition ¢ 


w 1OO 
cl one 


f the 


wound in su 


Satine avel 


turns of t 
consisting 
turns is 8s 
ch a way 


his cable, one hay 


of a singk 


; loop 


hown in figure ] 


that all the « 


ols ha 


neter The secondary cols rT 


pregnated in the same wav as the primary sole 
The 10-strand 


sim pl al 
spo Is spaced around thre 


wood ais 


clisk ana 
allel to 


Opposit 


l 
dusk — To 


outward 
storage spool the latter must bye riven anh occa 


an 


evice 


k are | 
then ! 
thre aX 
nee al 
tuted t 


he thre 


ns follow s 


dl racially 
hrough rig 


made with t 


hie hye 


Wires from 


perimeter of 
toward the 


} 
au ofl 


eentel! 


hit angled lass I 


lattes proper 


“ul is mounted ina la 


he 10 wire 


s are pulled 


1s 
the 


contin 


cable forms: in winding it or 


turn to reduce the possibility of kinking 


nuton 


mati ce 


Vice could 


bye devised 


Doub 


to carry 


this process somewhat more conveniently and rap 


General view of bridge table 


meter, mutua 
ind resistance 
nductances an 
i the ball 


WUNORE OS 





nductan 
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elelexelelorlolelesereteleseleleteteterelelerelexeiere 


Fiaure tl 


ol 


Hundred 


Vutu 


turn 


al-inductance 


@. tens of turns 


unil (detail 


unit turns, 


—PRIMARY COIL 


-NYLON THREAD 


ho ring 


econdary windings which are made from 10-strand 














Ps. ee 


s been found that two persons (one pullin 
ind one storing the cable) can manufacture 
ata rate of 5to 10 m/min with no diffieulty 


dvantage of the use of this tenfold stranded 


thre bridwe is obvio Is lt is the ensiest Way 
10 coils that are identieal to a high degre¢ 
on (a Tew parts in lt) The disadvantage 


~ that thre CUPAcilive coupling between 
eous ts not very small, so that the bridge ean 
ised for tovestigations at relatively low 
es In practice, the upper limit is of the 
S00 evel 
entioned above, two parallel primary sol 
ound m opposil lirections and connected 
are used Thev are set in a wooden box on 
ft above the table (fig. 10 Each solenoid 
ounded by a secondary bobbin. as deseribed 
ind the turns of these bobbins are also 
This arrangement has the 
tage of both a negheible strav field from the 
on the measuring table and a negligible 


ml i Series 


n the secondary coils from spurious alter 
agnetic the lds hye resultant 1.110 turns 
pairs of turns on the two bobbins) are led 


selector switches providing decades of 


tens, and units of turns Due to the 

all the windings have the same average 

te the relations 10 10 turns | 100) turns 
turn=1™* 10 turns hold with a= high 


ol precision Their validity can be np ved 
vy shifting the secondary bobbins along the 
vy coils making use of the facet that the field 
solenoid of finite length ts not exactly homoge 
After some adjustment we obtained: 10% 10 

| 100 turns = 0.008 turn, and LO >1 turn 


)}turns=—0.013 turn. In this position the units 
ims correspond to a mutual inductance of 


Nil uh each. For very precise investigations this 


ction may be applied but for ordinary de 
tization wi rk it ean be neglected The 
v selector switches commercial low thermal 
type, with 11 contacts) are mounted im an 
tien switchbox plac dl on the bridge table 

cables are led from the bobbins to the switchbox 
} 


rough a copper tube to minimize electrical pickup 


f ia 














The “tenths of turns unit is constructed im oa 


similar manner to the above-described unit: and ts 
depicted diagrammatically in figure 12.) This unit 


also consists of two symmetrical parts wound in 


opposite directions in order to minimize stray fields 
and pickup effects. The primary of each part 1 
wound in the shape of a Helmholtz coil, with three 
turns on each hall The secondary consists of one 
turn of tenfold stranded cable of such a diametet 
that the wires puss through a remion of minimun 


primary field o that the flux | nkage bs little afleeted 


by irre ularity ol windime It ! eonnected to a 
fourth rotar selector switch un the witeh box on 
the table \ small trimming coil wound on a elas 


tube inside the unit and connected in series with the 
primary winding may bye moved nlon tha nXIs ol 
svmmetry in order to adjust the total mutual in 
ductance exactly to that of one turn of the main 
mutual mductance 

The variometer is shown in figure 13 (Avain, this 
unit is double to minimize stray fields and pickup 
The Bakelite former (ll-em diameter) holds a yp 
ripheral primary winding of 5 turns of No, 20 Formex 
The secondary winding is actually a single, incom 
ple te loop of brass fixed to one face of the Bakelits 
former, with one lead soldered in the rear to. the 
midpot of the loop and the other connected to the 
sliding contact, which moves over the | 


uss rine 
The mutual inductance is) positive or negative 
according to whether the contact is moved clockwise 
or counterclockwise away from the midpoint The 
position of the shding contact is indicated bv a clial: 
the point for which the mutual inductance is equal 
to one-tenth of a turn of the main unit is found by 
experiment and marked The space between this 
pomt and the midpoint is then graduated linearly 
with 100 divisions, and this is repeated for the 
opposite rotation 

The ballistic part of M. is very similar to the main 
unit of the a-e part Actually, the same primary 
solenoids are used in both cases Another pam of 















bobbins was mounted on the primaries, and second 


arv coils of tenfold stranded cable were wound on 


them. but only the hundreds and tens of turns, since 
the ballisti measurements require only partial 
compensation of M, by M see the begmning of 


The coils were connected to double 22 


ection i 
prorat rotars selector switches anid 0) nonmaductive 


pools of copper wire were wound each trimmed to 
the resistances ol oa partie ular mutual-ineue tance 
winding The connections were thy ni rine inh Stile h n 
wav that as inductance turns are switched out (for 
instance) the appropriate noninductive resistance is 
ewitehed in By this means the total resistance of 
the secondary circuit remains constant, and hence 
the ballistic sensitivity of the galvanometer is con 
stant The eason that these coils are not also 
used for the a-c measurements ts that the compensa 
tor resistances give a noticeable increase of the 
spurious a-c losses in the bridge circuit An mside 
view of the switchbox showme the wiring to the 
switches and the ballistic compensator resistances 
is given in figure 14 

The phase-shift potentiometer may be constructed 
as R in figure S,a, but a practical difficulty is that 
resistances of the order of 10°* and 10 ohm must 
be measured with some precision. For this reason 
the cireuit shown in figure 15 was built, in which 

ia O.l-olm fixed resistance Rois a three-de ade 
resistance-box variable between 100 and 10° ohms 
and ~ is a four-decade box variable from 0.1 to 1.000 
ohms The voltage taken off in the secondary circuit 
per unit current of the primary ts 4 
This quantity ts called the effective resistance of 
the cireuit Rat If Ris set at a constant value 
well above r, and 7 for mstance 10° ohms || Is 
practically linear in the proportionality factor 
bemg } R The complete lavout of thr bridge Is 
viven in figures 16 (schematic) and 17 

The grounding of the bridge ts a point of impor 
tance The svstem of figure 16 has the advantage 
that both the signal generator and the preamplifiet 
of the vibration galvanometer are grounded \ 
reversing switch must be included in the circuit 
however, so that phase shifts in both directions 
may be compensated with the or, network This 
problem was solved by connecting the reversing 
switch between P and Q 

The a-c detecting device consists of a vibration 
galvanometer preceded by an amplifies The design 
of the amplifier is very simple. It consists of three 
stages, a GAKS, a GASG, and a HAQS resistance 
capacitance coupled to each other, and the last 
stave is coupled to the valvanometet with a trans 
former, No frequency-sensitive element has been 
inserted, and the maximum amplification is about a 
factor 10°. Under these circumstances, special atten 
tion must be given during the construction that no 
oscillations will take place. Signals down to 1077, 
must be detected, and the reason that no difficulties 
occur with the noise level from the first stage is that 
the frequency width of the galvanometer is very 
narrow, only a few cycles per second 
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Th \ aly nhometet Wi ormwinally lt 
iwned by Casimir and constructed mn the 
Corie Laboratory \ 


figure IS. The 


itor niion 
Karn rlingh 
shown in 


ero section 9s 


tem con ts of a small 
\IN 4 
Pmm thiek attached toa flat strip of phosphor 


MIM’ ts 


ule 1 


vibrating sy 


piece ol highly magnetic alloy mm square 
mui 
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i constant a ie 
electromagnet AB bem ipl ad sto 


that thy ale \INI | 
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flection of 
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a long 
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miirrol tukes 


time for for 


iviven current tha rrequeney band 
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mother ina 
still 
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ry close to 


thy 


umecl thee 


satisfactory If the 
ina well-damped the 
neighborhood of 200 
thre amplifier 
detected 


voltage 


mirror changes from 


Iraction of a second band width ts 


calvanometer Is 


n few eveles sccorna sensitivitVv of 


quite 
PeSOTLATLCE 
about lmv i the 


ensitivilV is 


hemes in combination with 
swnals of the order of 107° v can be 


Ihe ballists 


valvanometet 


detector device ts a sensitive 


sensitivity of 10 mmiuv and 
It is aperiodically damped with 
the deflections nr by 
and a hlehted The 
galvanometers’’ with periods 


hot 


with a 
a period of 5.1 see 
ana read 


a shunt resistance 


means of a telescope scale 
“ballistic 


mintite of 


COMET inl 
of half a 
investigations as then 
10 


these 
is smaller 
period prevents 
from taking more than one minute 
Measurements with a fast galvanometer require 
some experience, but if the deflections are kept undet 
10 em (by proper adjustment of M,) tenths of milli 
meters With the 


tuke at least 


more are suitable for 
ballisti 


and the long 
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lex of Refraction of Fused-Quartz Glass for Ultraviolet, 
Visible, and Infrared Wavelengths 


William S. Rodney and Robert J. Spindler 


Phe lex of refraction of fused-quart ria was determined for 24 wavelengt! from 

0.34669 to 3.5078 microns, using the minimum-deviation method The whole range wa 

covered with a ngie instrument Che variation ndex between samples was determined 

no definite variations in dispersion were observed Possible relations between purity and 

dex are discussed 

l. Introduction recent origin, also produced by the General Electric 
Co. Two other prisms, A and B, were made from 
e physical and optical properties of fused- the product of the Heraeus Co. in Germany and 
glass make its increased use in the optical | Obtained by Stanley S. Ballard, who made them 
stry highly desirable whenever it can be readily | &Vailable for this investigation. A fifth prism was 
luced in optical quality In composition it is | Made by grinding and polishing windows on the 
itely reproducible as compared with optical periphery of a 6-in. disk recently manufactured by 
ses, it is extremely stable, and its coefficient of the Nieder Fused Quartz Co., Babson Park, Mass 
iil expansion is remarkably low lts trans Another prism was made by placing windows on the 
sion limits, both in the ultraviolet and the in- | Periphery of a eylinder of Heraeus fused quartz 
ed. are nearly the same as for the ervstalline | (Sample C), approximately 4 in. long and 2 in. in 


erial and in addition it is free from double refrac 
Some specimens of this material, particularly 
m European range finders, are of excellent optical 


ity 


The refractive index of fused-quartz glass has 
rn eninvestigated in the ultraviolet and visible regions 
\ (Gifford and Shenstone and by Trommsdorff;: also 


1@ measurements were made in the visible region 
Riedel, by Rinne, and by Watson All of these 


S data, together with some /)-line indices by other 
bservers, are referenced, compared, and analysed 
Sosman [1] kor the infrared region some in- 


es of fused quartz have been computed from re- 
data but experimentally determined data 
P em limited to three-decimal-place values [2] some 
blished data [3] indicate different indices for speci- 

ns obtained from different sources, presumably 
different methods. However, 
little precise and self-consistent information has 


thon 


ule by somewhat 


ously been obtained by use of identical pro 
ires for different wavelength regions and for 
different specimens 


2. Samples Investigated 


“ glass were 


ven prisms of fused-quartz used in 
investigation One made 20 vears 
from fused-quartz glass produced by the General 
trie Co. Its indices in the visible region and its 
ree of homogeneity were carefully investigated [3] 
it is used as a refractive-index standard for the 
cise calibration of refractometers A 
m was made of domestic fused-quartz glass of 


Was ovel 


second 








185 


diameter The seventh sample Wiis made available 
by the Corning Glass Works: it is known to have 
extremely ultraviolet) transmission character 
istics but has a stronger absorption band around 2.6 
uw than the other samples. All seven specimens are 
of near optical quality and free of noticeable striae 
and bubbles, ex ept the disk, which has considerable 
striae. Evenu 
obtainable 


wood 


this case, however, precise data were 


3. Instruments Used in Measurements 


The Watts precision spectrometer was used for the 
visible and the Gaertner precision spec 
trometet the ultraviolet infrared, The 
visible-region measurements were also repeated on 


region 

for and 
the Gaertner spectrometer for calibration purposes 
Descriptions of these instruments, with photographs 
are given in previous publications by the authors 
$1, 5). Figure 1 is a diagram of the 
the Gaertner spectrometer showing some changes 
On both instruments the minimum-deviation method 
with its desirable features of high 
simplicity of index computations, was used 

The spectra used in these measurements were the 
mereury and cadmium for wavelengths 
out to approximately 2.5 uw and the absorption bands 
of polystyrene beyond this region to approximately 


schemati 


ACCUPACY ana 


CTHISSIONS 


9 

A lead-sulfide detector was used for the emission- 
line spectra and a Golay pneumatic detector for wave- 
lengths in the absorption spectra of polystyrene 
The incident flux was chopped ut approximately 10 
to stabilize the zero, and the resulting signals 
were amplified in both cases by a gated amplifier 
supplied for the Golay detector. The amplified 
signal was recorded ona recording potentiometer 


Cos 














lines of the visual spectrum as determined b 





use of the detec tor 





The spectra are then scanned to identif ‘ 
wavelengths and to determine the approximates 
“a y E position of the minimally deviated beam for 






2 : known wavelength Once an approximate po 






4 / : is determined, hand settings are made by obse 

\ . 
Y \ the se ale position for maximum or minimum ce 
/ Me tion of the recorder pen The seale reading 


averaged for greater precision 











5. Data 











Index determinations were made on He 






& prisms A and B at or very near 24° and 31° ¢ 
/ average temperature of the room was contro 
4 within 0.2 dee C and was determined freque 






/ by means of a thermometer having its bulb nea: 





3 A prism Temperature coefficients were then co 





puted and small corrections were made to adju 
exact temperatures of 24° and 31°C. On the ot! 







prisms index determinations were made near 24° ( 





only 
‘ ‘ The refractive indices of the Heraeus B prish 
! . : ' = . : : ‘ ete . 4 3 have been represented by means of thy 











persion formula [6] (X expressed in microns 
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The mex of retraction tor visible wavelengths Is and the coodness of fit of the formula Is shown b it 






































first determined on the Watts instrument by the small residuals. B—ec. as tabulated in table 1 
usual minimum-deviation method The errors for by their nearly random distribution The predor 
these data do not exceed | aL The deviation nance of negative residuals for the region 6 to 
ingles are observed and recorded With the aid of indicates that further improvement can be mac 
an auxiliary telescope the prisms are then leveled However, no least-squares solution was attempte: 
and centered with respect to the optical axes of the because at A=3.4188y, where the maximum negat 
(jaertner mstrument \ second telescope is used residual was obtained. there is observational unc 
to set the prism, for a given line, usually the 0.6438 | tainty because of the very broad nature of ¢| 
u tine of cadmium, at its minimum-deviation posi absorption band which tends to make the way 
tion. The table is now clamped in this position. | length of the minimum difficult to determine. Not d 
The mirror acting as the telescope objective is that a positive residual was obtained for the Corn 
brought into the beam so that an image of this line | prism at this wavelength (last column, table | 

falls on the exit slit, causing a deflection of the The indices computed by formula (1) ar 
potentiometer pen The scale position correspond general better than the observed values, and acco! 


ing to maximum deflection of the pen is observed ingly table 2 gives such indices for selected reg 


for several pointings. The instrument is now set | intervals of wavelength 

and clamped at the average of these readings \ In order to compare the indices for the vario 
svstem of gears, designed to maintain minimum — prisms, the indices as computed by formula 
deviation by causing the prism table to rotate at | have been subtracted from all others Th 


one-half the rotation rate of the telescope and | differences are listed in table 1 and plotted in figure 
detector, is now engaged and the prism tableclamps | From the variation shown in this figure, the « 


‘leased ferences in index of different samples seem cl 

The design of the Craertnet spectromete! is established It will be noticed that the Hera 
adapted for nonvisible radiation does not allow Nieder, and Corning samples agree im geners 
double deviation, or even the position of the undevi refractivity with the data of Trommsdortff an 
ated beam, to be measured. Consequently, it is | Gifford. Gifferd’s data were taken on the fu 
necessary to compute the average reading for the quartz glass made by Gifford and Shenstone 
undeviated beam This is done by applying a few particular attempts at purity of material It se 
deviations, as observed visually on the Watts instru- | that the Heraeus B and Corning samples 


ment, to the scale readings on the Gaertner for possibly be freer of traces of other substan 
minmum-deviation settings of the corresponding because the common basic impurities would 
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to make the index higher Ihe possible effects of 
other impurities cannot, of course be altogether 
iwnored On this assumption of relative purities 


it seems possible that formula | and table 2 
express probable values for nearly pure fused 
quartz glass. Further, it seems advisable to add 


ol 10-* for probable values of some specimens 


such olass 
Although the index of refraction is given in the 
infrared out to 3.5 4, there is a region at wavelengths 


shorter than this where no index values were satis 
factory determined This region is shown in figure 
Sasa dashed line from approximately 2.4 to approxi 
mately 3.2 4. This is a result of the strong absorp 
tion in this region in all samples used. There is 
some variation between samples in the strength of 
this absorption band The absorption band was 
resolved into four components, and the deviations 
of these were measured, but the wavelengths of 
these absorption bands are not known By assigning 
a value of 2.5 w as wavelength for the average of the 
computed indices, such an observed point would fall 
on the dashed line 
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persion of fused quart vlass was caleulated 


region measured and found to have it 


mint 
about 1.5, as shown in figure 4 The region 


24 and 8.2 « 1s, of course, still represented 
heal Line The region beyond 3.2 « has disper 
ml enough ta ¢ nabl one to resolve thy 
Into six distinet parts 


poly 
bands 
mperature coelhecient of index were ce 
for each of the lines measured The pre 
not adequate to determine definitely the 
my with wavelength however there is evi 
first a shiolt Mncreas¢ the na lowe rine at thr 
wavelengths Ihe nveruge vali : thr 
vavelengths was found to be 10 and 
fall to an average of about neu 
Ihe valu in thre visibls neres with 
Milton [8] and other : s lists the 
different temperatures These 
ere obtained by applying the temperature 


to value computed from formula (1 


everal 


Wa 
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New Experimental Designs for Paired Observations 


W. J. Youden and William S. Connor 


There are many experimental situation i Which observation natural occur pouair 
From et qpuiantitthe to tn compare 1 | 2 clistinet pear can be formed o that for eve 
moderately larwe ve, the accompanving number of observations may be prohibitively large 
Or, even if the work can be done, the precision of the estimates of the effeets of the cuimntitie 
snd the experimental error may be greater than is needed In either event. a bset of the 
preair hronnalal bv ised if the arithmetic 1 »> be manageable thi ibeet on t be el ‘ 
with emare Such a ibset is deseribed and it wialyvsis | \ leta 


1. Introduction 


many experimental ituations only two quan 


can be observed at a time under comparable 
tions, so that observations on a set of quantities 
illy divide unto pairs If each quantity Is 
mred with every other quantity of the set, the 


the 
if the number of quantities is large, 


tical analysis ol observations 1s simple 
the 
of work required to make observations on 
of the may Even if the 

can be done, the results of the experiment may 
In either event, 1 
The 


with 


vevetl 


int 


pairs be prohibitive 


nore precise than is needed 
table to obesrve only part of the pairs 
nitist be race 


ion of this subset of pairs 


f the statistical analysis is to remain relatively 
pole 
\n example will help to clarify the problem 
. pose that 36 quantitte sare to be studied iwo at 
me. From them there are 630° distinct pairs 
an be formed In this paper consideration 
be given to particularly attractive subsets 
ed two-group arrangements, which require from 
it down to 35 of these pairs 


lo illustrate the statistical analysis of such an 
n typical subset for the case of eight 
analyzed 


ihyvement 


data on thermometer 


hntities is 


TISTTS 
4 DOrations 


2. The Two-Group Arrangement 


common scientific practice to compare new 


ts under study with one or more standards 
\n important function of the National Bureau of 
Standards is the calibration of thermometers, metet 


and other devices for industrial and other uses 


¢ calibrations are made by comparing the new 
ts with established standards 

erhaps the most usual situation is that in which 

eis a single standard, which may be designated 

» If there are six new objects to be calibrated 


a common practice is to pair each new object 


> 


S. Thus, denoting the new objects by num 
th pairs are as follows 


| i he a 








This traditional experimental procedure sug 
the two-group arrangement, which consists of divid 
ny the 


and n objects, respectively ” ! 


objects under study into two yroups ofon 
and of pairing 
every object from one yroup with every object from 

the other group No other pairs are formed 
In the the standard ts 
the only object in one group so that land? i 
This the 
standard rives 
To 


natural to runeach pau 


Sitthation just considered 
arranyvethnent 
the 


information 


provides information about 


new object and the but 
thre 


uch mformation tt ts 


pail 


no about experimental eTrol 


avain, so that there are 24 observations altogethet 

Among these observations the standard occurs 12 
times and the new objects twice each This lays 
heavy emphasis on comparisons between the new 
objects and the standard but less emphasis on com 
parisons among the new objects. Thus tf o is the 
true standard deviation of an observation, then the 
standard cle Vintion of a COTM parison of the first kina 


second kine is |.4da 
two-group arrangement 


iso and of the 


Another results from as 


signing the standard and new objects 1 and to 
one group and new object , 4. 5. and 6 to the 
other In this case ys fand the pairs are 
the following 

s 4 s4 “s) si) 

1 14 | It) 

2.3 4 44) 40) 
There are 24 observations and as much miormation 
about the experimental eTror a in thy preceding 
arrangement. The standard is put on the same 
footing as the new objec ts becau “ it ois observed | 
times and the new objects either 3 or 4 times. This 
is reflected among the comparisons, for the standard 


deviation of the « OMmMparison belween any two objec is 
in the first j 
and between an object mm the first group and one im 
Thus ther 
sion of comparisons that involve the 
thre 


yroup is @ in the second yroup is l.loe 


the second is @ is no loss im the preci 
tandara ana 


there is a substantial gain in precision of other 
COTA Parsons 


—$—— 


When m the "i ‘ t us tw mi m DD } e, Rk. ( 





eat ThOW 


rh 
esolved NM 
ied mite rroup 
formed Atsothe 


\W“ ly if hy rt 


probe 1rh pheosercd dah Utne 
» quantities are 


s 4 
the division 


aihy Way 


Iwo paris will 
other extreme 


sults m only ) pan 


and 35 


3. Application to Thermometer Calibration 


keal he Thermometry Section olf 


Bure roof Standard fo intercom pare 


Che author i 
National 
thermometers 
Ih stint 


thermometer ith 


erorll uSIn the two roup arrange 


r val 


nent tion t to 


thy 


risin I 


preetice I 1 i“ 
bath 
them) in 
ites lor 
that the 


The 


equ ia with slowly 


ind th to read reverse 
etTeet 


tem peral 


Peppered care 
Mhi cloves 
the bath 

change 
effect ‘ i the tu 
AY ) le pend 


fi 


COPED PC TIS: 


ied 


ordet vely 
chan t it 


temperature 


mpe ‘ 
The thermometers were partly immersed im a bath 
of distilled water, and were read through a telescope 
mounted a short «i The temperature 
ol the bath was at approximately 10° Cat the 


ol the gradually throughout 


eONPerinny nl 


tates rmway 
start 
thre 


mre crulat 


re acing bout rose 
The re 
length between pairs of readings 

The 
rroup 
and 4 


tives are 


were short pauses ol 


emht thermometers WA errs divided 


ot4 


and 5, 6 ‘ 


into 2 
thermometers 1, 2. 3 
The 


W hie hy 


contaminyg 
ana ‘ re 
table Loin the 


vale h ) 
read 


they 


pene tive ly 
riveti itt ol ck r ih 
were obtain al 

The 
Wig 
\ ( ording|y 
the 
from each of 


simplific d by subtract 


computations can by 
from each observation 


some convenient number 
calculations are based 


all subsequent 
after subtracting 40 


on observations in. table 


them 


wo. OO 
mm OO 


1. OS 
Ww. 18 


Ww) 
Ww) 


Ww 
Ww 


Themathematical model underlving the st» 
based the following 
Let V7 be a reference t mperature om the ra 
temperatures of the bath the expe 
At the time of measurement of the jth pair of 
thre the bath 

where p, is defined by this condition 
that the th 
ana let u 


analvsis Is on consider 


dust ny 


mometers temperature of 
Vip 
Ni Xl 


to the jth 


suppose thermometer by 
the observer 
perature for this thermometer the jth 1) 
Then the difference between the 
temperature 2 and the truce bath temperature | 
oft two 
th thermometer 


poral denot« 
when 


ob 


read 


will consist parts: a svstematic error 


cular to the ond a random 


eTror ¢ ! ‘ 


he 5° 


the Y 


By imposing restrictions 
uniquely defined 
The constants 
unknown but 
is assumed that 
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For example, ¢, is the estimate of ¢ / D \ 


nalvze the coded data it is convenient to 


ean auNiliarv quantity, J), for each thermom ifiisingroup2. For example, for the first thermom 
Thus J,. the 2 for the sth thermometer. is eter 
ed as follows. For each pair that contains 

thermometer the difference between the a 


for the 7th thermometer and the reading for / S/) S 4 1 qv 07) /32 OS 
her thermometer of the pair is computed 
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m of these differences is 1) For exemplh If « is unknown from past experience, it may be 
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21 ) 24 the readings within a part Lat the difference 
' without regard to sign for the th pat by designated 
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The appropriate formula is the first one abo, 
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tive temperatures of the bath when each of thy 
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temperatures were read with different thermon 
with unknown corrections. It may sometim 
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In the example given, matters were arranged so 
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the bath temperature Table 4 reflects this co 
tion, the values being computed as is ind 
below 
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The fundamental importance of the arrangement 
that it makes it possible to intercompare the 
mometers and to limit the error arising from 
tuations in the bath temperature to those tem- 
iture changes that take place in the very short 
rval required to read two thermometers. Tem- 


rature changes from one pair to another do not 


bute to the error of measurement This 


chnique ts applicable in all cases where either the 
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edictable changes 
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4.1. Derivation of Estimates 
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4.2 Derivation of Variance 
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